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ABSTRACT

The Wilkinson Microwave Anisotropy Prob&MAP) has mapped the entire sky in five frequency bands be-
tween 23 and 94 GHz with polarization sensitive radiometéfs present three-year full-sky maps of the po-
larization and analyze them for foreground emission andhedsgical implications. These observations open
up a new window for understanding how the universe began alpdslet a foundation for future observations.
WMAP observes significant levels of polarized foreground ermisdiue to both Galactic synchrotron radiation
and thermal dust emission. Synchrotron radiation is theidam signal at < 50 andv < 40 GHz, while
thermal dust emission is evident at 94 GHz. The least comtat@d channel is at 61 GHz. We present a model
of polarized foreground emission that captures the largelan scale characteristics of the microwave sky.
After applying a Galactic mask that cuts 25.7% of the sky, nasthat the high Galactic latitude rms polarized
foreground emission, averaged over 4-6, ranges fronr 5 K at 22 GHz to< 0.6 ©K at 61 GHz. By
comparison, the levels of intrinsic CMB polarization foh&DM model with an optical depth of = 0.09
and assumed tensor to scalar ratm 0.3 are~ 0.3 K for E-mode polarization ane: 0.03 1K for B-mode
polarization. To analyze the maps for CMB polarizatior? at 16, we subtract a model of the foreground

emission.

In the foreground corrected maps, we detét- 1)CEE ,_,_ /2m = 0.086=+0.029 (uK)?. This is interpreted as
the result of rescattering of the CMB by free electrons eseladuring reionization & = 10.9'2 for a model
with instantaneous reionization. By computing the likebl of just the EE data as a functionofwve find
7=0.104+0.03. When the same EE data are used in the full six parameterdit WWMAP data (TT, TE, EE),

we find7 =0.09+0.03.

We see no evidence for B-modes, limiting them/¢6+1)CE8 , /27 =-0.04+0.03 (uK)2. We perform a

<

template fit to the E-mode and B-mode data with an approximaxgel for the tensor scalar ratio. We find
that the limit from the polarization signals alone is 2.2 (95% CL) wherg is evaluated ak = 0.002 Mpc™.
This corresponds to a limit on the cosmic density of graidtatl waves of2gwh? < 5x 107*2. From the full
WMAP analysis, we find < 0.55 (95% CL) corresponding to a limit ¢igwh? < 1 x 1072 (95% CL). The
limit on r is approaching the upper bound of predictions for some ofitglest models of inflatiom,~ 0.3.

Subject headinggosmic microwave background, polarization, cosmologentations

1. INTRODUCTION

The temperature anisotropy in the cosmic microwave bac
ground is well established as a powerful constraint on ikesor
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of the early universe. A related observable, the poladrati

k-anisotropy of the CMB, gives us a new window into the phys-

ical conditions of that era. At large angular scales therpola
ization has the potential to be a direct probe of the univatse
an age of 10%® s as well as to inform us about the ionization
history of the universe. This paper reports on the direct de-
tection of CMB polarization at large angular scales and$ielp
set a foundation for future observations. It is one of four re
lated papers on the three-ydd@VIAP analysis: Jarosik et al.
(2006) report on systematic errors and mapmaking, Hinshaw
et al. (2006) on the temperature anisotropy and basic sgsult
and Spergel et al. (2006) on the parameter estimation and cos
mological significance.

The polarization of the CMB was predicted soon after
the discovery of the CMB (Rees 1968). Since then, con-
siderable advances have been made on both theoretical and
observational fronts. The theoretical development (Basko
& Polnarev 1980; Kaiser 1983; Bond & Efstathiou 1984;
Polnarev 1985; Bond & Efstathiou 1987; Crittenden et al.
1993; Harari & Zaldarriaga 1993; Frewin et al. 1994; Coul-
son et al. 1994; Crittenden et al. 1995; Zaldarriaga & Harari
1995; Kosowsky 1996; Seljak 1997; Zaldarriaga & Seljak
1997; Kamionkowski et al. 1997) has evolved to where there
are precise predictions and a common language to describe
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the polarization signal. Hu & White (1997) give a pedagogi- The process is cut off at lower redshift because the optical
cal overview. depth drops so rapidly. In the context of inflationary cosmol

The first limits on the polarization were placed by Penzias ogy, Harari & Zaldarriaga (1993) show that in Fourier space
& Wilson (1965), followed by Caderni et al. (1978); Nanos the polarization signal isc kvA wherek is the wavevector and
(1979); Lubin & Smoot (1979, 1981); Lubin et al. (1983); A = X is the width of the last scattering surface.

Wollack et al. (1993); Netterfield et al. (1997); Sironi et al After decoupling there are no free electrons to scatter the
(1997); Torbet et al. (1999); Keating et al. (2001) and Hed- CMB until the first generation of stars ignite and reionize
man et al. (2002). In 2002, the DASI team announced athe universe at.. The free electrons then scatter the intrin-
detection of CMB polarization at sub-degree angular scalessic CMB quadrupoleC,(z), and produce a polarized signal
based on 9 months of data from a 13 element 30 GHz inter-« C,(z)%27(z). As this process occurs well after decou-
ferometer (Kovac et al. 2002; Leitch et al. 2002). The signal pling, the effects of the scattering are manifest at compara
level was consistent with that expected from measurementsively lower values of/. We expect the maximum value of
of the temperature spectrum. The DASI results were con-the signal to be atmax~ 7/0n(z) Wheredy (z) is the current
firmed and extended (Leitch et al. 2005) almost contempo-angular size of the horizon at reionization. Fox& < 30 a
raneously with the release of the CBI (Readhead et al. 2004)simple fit givesiy (2) = 4.8/2%7, so that forz, = 12, fmax~ 4.

and CAPMAP (Barkats et al. 2005) results. More recently, the Thus, the signature of reionization in polarization is olga
Boomerang team has released its measurement of CMB polarseparable from the signature of decoupling.

ization (Montroy et al. 2005). All of these measurementsaver
made at small angular scales> 100). Of the experiments
that measure the polarization, the DASI, CBI, and Boomerang  1.0000
(Piacentini et al. 2005) teams also report detections of theE E
temperature-polarization cross correlation.

The CMB polarization probes the evolution of the decou-
pling and reionization epochs. The polarization signakis-g
erated by Thompson scattering of a local quadrupolar radi-§
ation pattern by free electrons. The scattering of the sames
quadrupolar pattern in a direction perpendicular to the lin
of sight to the observer has the effect of isotropizing the
guadrupolar radiation field. The net polarization resulbsrf
a competition between these two effects. We estimate thes
magnitude of the signal following Basko and Polnarev (1980) &
By integrating the Boltzmann equation for the photon distri
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bution they show that the ratio of the polarization anispyro 0.0001 E
(Erms) to the temperatureTfms) signal in a flat cosmology is h m 00 v
given by Redshift (2)
E "0 e—OBT(Z/) _ e—T(Z/) /1+7dZ
ms — jgo [ — oo 3T(Z/3 , (1) FIG. 1.— A model of the ionization history of the universe.€Tlime
Trms fo [6e te lv1+zdz marked “x” is the ionization fractiorx = ne/n wherene is the number

of electrons ana = 11 2w,(1+2)® m™ is the number of protons with

wp the baryon density. From quasar absorption systems we know
the universe has been fully ionized since at least6. Between

6 < z< 30 the first generation of stars ionized the universe. We show
a possible model inspired by Holder et al. (2003). The hjsfmrthis
period is uncertain though the reionization produces aacteristic
signature in the CMB polarization. For 30z < 2000, we show
decoupling as described in Peebles (1993). The line markedhe

net optical depthr(z). The dashed curves are the integrands in the
numerator (bottom) and denominator (top) of equation lidéi by
200) for the 100< z< 2000 region. By eye, one can see that the ratio
of the integrals at the maximum, and thus the fractionalnzdtion,

is ~ 5%. The vertical line marks the redshift of decouplizgs. =
1088, at the maximum of the visibility function (not shown).

where 7(2) = cot fozne(z)dz’(dt/dz’) is the optical depth.
Here, o1 is the Thompson cross section,is the speed of
light, andn. is the free electron density. The difference in
brackets in the numerator sets the range aver which po-
larization is generated. For example, if the decouplingcpo
entailed an instantaneous transition from an extremeliz hig
optical depth £ >> 1) to transparencyr(= 0), there would
be no polarization signal.

To estimate the polarization fraction we compute the optica
depth using ordinary atomic physics and the thermal history
of the universe (Peebles 1968; Zeldovich et al. 1969). The
result is shown in Figure 1. From insertinfg) in Equation 1,
we find that the expected level of polarization anisotropy is
~ 5% (in E;ms/ Trms) Of the anisotropy.

The polarization producing quadrupole is generated by dif- In the first data release tH&/ MAP team published a mea-
ferent mechanisms at different epochs. Near decoupling atsurement of the temperature-polarization (TE) cross sperct
Zy = 1088 (Page et al. 2003b; Spergel et al. 2003), velocity for 2 < ¢ < 450 (Bennett et al. 2003b; Kogut et al. 2003) with
gradients in the flow of the primordial plasma give rise to the distinctive anti-peak and peak structure (Page et al. 2003b
guadrupole. More specifically, in the rest frame of an elec- The ¢ > 16 part of the spectrum was consistent with the
tron in such a flow, the radiation background has a quadrupo-prediction from the temperature power spectrum, while the
lar pattern proportional to the velocity gradieRty, and the ¢ < 16 part showed an excess that was interpreted as reioniza-
mean free path between scatterings, Just before decou- tionat11< z < 30 (95% CL).
pling, z> z4, the photons are tightly coupled to the electrons  This paper builds on and extends these results. Not only are
and)\ is small. Thus, the polarization is small. As decoupling there three times as much data, but the analysis has improved
proceeds\ increases and the quadrupole magnitude increasessignificantly: 1) The polarization mapmaking pipeline now
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self-consistently includes almost all known effects andeo ATp= }( AT -ATy) 3)
lations due to instrumental systematics, gain and offsésdr 2

unequal weighting, and masking (Jarosik et al. 2006). For = Q(ha) cos 2ya +U (Na) Sin 2ya (4)
example, the noise matrix is no longer taken to be diagonal ~Q(fs) COS 25 —U (Ng) Sin 2ys.

in pixel space, leading to new estimates of the uncertaintie

2) The polarization power spectrum estimate now consigtent wheren, andng are the unit vectors for the A and B sides;
includes the temperature, E and B modes (defined below), and, Q, andU are the Stokes paramettsand+ is the angle
the coupling between them (see also Hinshaw et al. 2006). 3between the polarization direction of the electric field el
The polarized foreground emission is now modeled and sub-Galactic meridian (Kogut et al. 2003). In the mapmaking al-
tracted in pixel space (84.3). Potential residual contatiom gorithm (Wright et al. 1996; Hinshaw et al. 2003b; Jarosik
is examined’ by ¢ as a function of frequency. In addition etal. 2006)l, Q, andU maps of the sky are produced from the
to enabling the production of full sky maps of the polariza- time-ordered differential measurememsl; andATp. From
tion and their power spectra, the combination of these threethese, we form maps of polarization intensi®ys /Q2+U2,
improvements has led to a new measure ofitkel6 TEand  an( direction;y = Itar(U /Q). This convention has posi-

EE spectra, and therefore a new evaluation of the opticahdep tjye for North through West and follows the convention in-Zal

based primarily on EE. The rest of the paper is organized asqyarriaga & Seljak (1997) and HEALPix (Gorski et al. 1998).
follows: we discuss the measurementin 82 and consider sysjowever, it differs from the standard astronomical pOsitio

tematic errors and maps in §3. In 84 we discuss foreground(,mg|e (PA) which haspa = £ tarr}(-U /Q) with ~pa positive

emission. We then consider, in 85 and 86, the polarization¢, “North through East. The choice of convention does not
power spectra and their cosmological implications. We con- 4¢toct the plots.
clude in §7. For linear polarization in a given pixel, ti@andU quanti-
ties are related to theandy components of the electric field,
2 THE MEASUREMENT Ex, Ey, through the coherency matrix (Born & Wolf 1980):

WMAP measures the difference in intensity between two (EE;) (BE;)) _1/10),1/QU
beams separated by 14C° in five frequency bands centered ((EyE;> (EyE;‘>) =5 (OI ) + 5 (U —Q)

on 23, 33, 41, 61, and 94 GHz (Bennett et al. 2003b; Page I 710\ P .
et al. 2003b; Jarosik et al. 2003a). These are called K, Ka, =1 <01> +— <0932V sin2y > (5)
Q. V, and W bands respectively. Corrugated feeds (Barnes 2 2 \ sin2y —cos2y

?ﬁeag.ﬁg?ezr)] t(':e?lurglje'c:%dei?etir(;n Eg?hagggtgbagl:t;e,:ezmﬁﬁz where we have set Stok#s= 0. The polarized component of
: ; ! : 4pp WO @F the coherency matrix is a spin-two field on a sphere; the total

onal polarizations aligned so that the unit vectors alorgg th ower is the trace of the coherency matrix
direction of maximum electric field for an A-side feed follow P The Crab Nebula [Tau A 38/144 RA = 31
(Xs’ys’ z) ~ (+1,-sin20", ~c0s20)/ V2 n spacecraft €00 pec=2201 (J2000)] is the brightest polarized point source
dinates (Page et aI._2003b). For a B-side feed, the d|_rect|on in the sky and provides a useful end-to-end check of the
are (s, ys, %) ~ (+1,sin 20°, -c0s 20) /2. Thez axis points  sjgn conventions and mapmaking pipeline. Figure 2 shows
toward the Sun along the spacecraft spin axisyth&s plane  oyr measurement of the Crab in Q band (41 GHz)lin
bisects the telescopes and is perpendicular to the raghiator , U, P, and~. Note that its polarization directiorJ(~
els (Bennett et al. 2003D, Figure 2) (Page et al. 2003, Bigur o Q negative), is perpendicular to the polarization of the
1). The angle between the spacecraft spin axis and the bpticaggjaxy (J ~ 0, Q positive). TheWMAP polarization di-
axes is 70°. Thus the two polarization axes on one side are rection and intensity are in general agreement with previou
oriented roughly:=45° with respect to the spin axis. measurements. Table 1 summarizes the results in all five fre-
The polarization maps are derived from the difference of quency bands and previous measurements in our frequency
two differential measurements (Jarosik et al. 2006; Kogut range "A second check is needed to fully resolve the sign con-
et al. 2003; Hinshaw et al. 2003b). One half of one differ- yention. In Figure 2 we show that the polarization direction
encing assembly (DA) (Jarosik et al. 2003a) measures thehe Centaurus A galaxy [Cen A, NGC5128, RA£23"275,
difference between two similarly oriented polarizatioAdy, Dec=-43°01'09" (J2000)] is consistent with that measured
from one feed on the A side and one feed on the B side (e.g.by Junkes et al. (1993).
w41. p_olarlzatlon 1 of _the 4th W-band DA corresponding to Figures 3 and 4 show tieandy maps of the full sky for all
Xs = +1 in both expressions above). The other half of the DA fiye frequency bands in Galactic coordinates. Figure 5 shows
measures the difference between.the other polarizatidhgin 5| gmpert equal area projection of the Galactic polar region
same pair of feeds\ T (e.g., sz- polarization 2 of the 4th  k hand. A number of features are immediately apparent to the
W-band DA corresponding t& = -1 in both the expression  eye K band is strongly polarized over a large fraction of the
above). The polarization signal is proportionalid; - AT,. sky, including the polar region. The North Polar Spur and its
In other words WMAP measures a double difference in po- ggythern extension are clearly evident. The polarizatis h
larized intensity, not the intensity of the difference a@fic 5 coherent structure over large swaths of sky which traeslat
fields as with interferometers and correlation receiverg.(€  intg significant emission at low. The polarization intensity
Leitch et al. 2002; Keating et al. 2001; Hedman et al. 2002). gecreases with increasing frequency but follows the sare pa
With these conventions, the total intensity and polar@ati  iorn. K pand is a good monitor of polarized foreground emis-

signals as measured at the output of the detectors are (KogWion as discussed below. Though not immediately apparent to
etal. 2003, Eq. 3&4): the eye, there is somewhat more polarized emission at W band

2 14 Jtalics are used to distinguish between the similarly reata band and
( ) Q Stokes parameter.

ATy = (AT +AT) = 1) - ()
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FIG. 2.—Top: Map of Tau A in Galactic coordinates at 41 GHz in Stoke®, U, P, smoothed to 4. Since Tau A is polarized parallel to the Galactic plane it
is negative inQ and small inJ. Bottom: Map of Centaurus A in Stokds Q, U, andP. For both sets of plots, Stokéss scaled logarithmically and all the others
are scaled linearly. The scaling in mK is indicated abovegtiagscale wedge for each panel. A map of the noise bias hassbb#racted from the P images.

than V band. The uneven weighting due to the scan strategy istrategy, incorporating realistic models of the frequeresy
also evident as increased noise in the ecliptic plane (Benne sponse, foreground emission, and detector noise character
et al. 2003b, Figure 4). Figure 6 shows the K and Ka bands intics, are used to assess the possible levels of contaminatio
StokesQ andU. Interactions between the slow 1 % drifts in the gain, non-
While foreground emission is visible with a high signal to uniform weighting across the sky, the 0.2% correlation due t
noise ratio, the CMB polarization anisotropy is not, a dita the oppositely directed beams, the time series maskingeof th

unlike that for the temperature anisotropy. planets, and the/ff noise are accounted for in the map solu-
tion. In the following we discuss how the instrumental offse
3. SYSTEMATIC ERRORS gain/calibration uncertainty, passband mismatch, maamnbe

mismatch, polarization isolation and cross polarizatioss
imbalance, and sidelobes affect the polarization maps.
Offset and baseline drift—Fhe instrumental offset is the
output of the detector in the absence of celestial signaé Th
average polarization offset in the Q, V, and W bands is
250 mK. Changes in this offset on time scales of minutes

sion for temperature systematics. The details are differen .
however, and more complex because of the tensorial naturd®, 1OUrs arise from spacecraft temperature changes and from
' /f drifts in the amplifier gain acting on the 250 mK. To

of the polarization field and the double difference required measure polarization at the level ofluK. we require that
to measure the polarization. Throughout our analyses, the p . QK, q
overall level of systematic contamination is assessedmith ~ changes in the baseline be suppressed by roughly a factor of

tests as described here and in Jarosik et al. (2006) & Hinshawt®: The first step in achieving this is maintaining a stable
et al. (2006). instrument and environment. The physical temperatureeof th

The mapmaking procedure is described in Jarosik et al,DAS @veraged over a spin period changes by less than 5 parts
(2006). End-to-end simulations of the instrument and scan” 10° (Jarosik et al. 2006), suppressing changes in the base-

Detection of the CMB polarization requires tight control of
systematic errors, as small couplings to the temperatuce fie
or instrument will dominate the polarization sign®#MAP’s
differential nature and interlocked scan strategy suppes
tential polarization systematics in ways similar to thefmes-
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TABLE 1
POLARIZATION OF TAU A

Measurement Band Frequency (GHz) | [Jy] Q[Jy] U [Jy] P/l [%] ~vea [deg]
WMAP K 22.5 352+11 -247+08 13+09 7.0+0.3 -88” (150°)
WMAP Ka 32.8 322t6 -222+20 19+11 6.9+0.3 -87° (157°)
WMAP Q 40.4 299t6 -196+26 05+24 6.6+0.9 -89° (149)
WMAP Y, 60.2 265+7 -185+27 -1.9+6.2 70+11 -93° (145°)
WMAP w 92.9 229+-11 -175+44 -13+72 76+20 -92° (146%)
Mayer & Hollinger (1968) 19 6.6 [15.5] (140 +£10)
Wright & Forster (1980) 23 9 (152)
Johnston & Hobbs (1969) 31 8.1[17] (158)
Flett & Henderson (1979) 33 [16] ([154°8+2])
Matveenko & Conklin (1973) 86 ([23£3])
Montgomery et al. (1971) 88 13 (152)
Hobbs et al. (1978) 99 [11.940.9] ([123°])
Flett & Murray (1991) 273 [27+1] ([146° £2])
Greaves et al. (2003) 363 2545 (150 +6)

The fluxes are integrated over pixels within a radius thaluihes 99% of the beam solid angl®9 = [2°525 1°6451°517,1°141 0°946]
degrees in K through W bands. The errors aseektimates calculated as a quadrature sum of statistica, emor due to background
uncertainty, confusion error, 0.5% calibration error, andadditional 1% error since the aperture radius doesritidiecall of the beam solid
angle. Confusion error was calculated as the maximum difiez in derived flux when the aperture radius and annulussadée both decreased
by 20% or increased by 20%. Confusion error is usually thgelstrcontribution to the total error. The frequencies aralz®nter frequencies
for Tau A's antenna temp spectral indgk= —2.3. The two numbers foyea correspond to Galactic and equatorial (in parenthesesjiirwes.
Non-WMAP measurements are generally done with arcminute resolatidrtherefore have different average and peak (in squackeis)
fractional polarization. Their polarization direction®all in equatorial coordinates.

line by a similar factor. The second step in achieving this below, and the detected flux from a celestial source, treated
is through the baseline removal in the mapmaking algorithm in the following. The passbands for the A and B sides of one
(Hinshaw et al. 2003b; Jarosik et al. 2006). polarization channel in a DA may be treated as the same be-

If the precession of the satellite were stopped, the temper-cause the dominant contributions to the passband defipition
ature data fow > 1 would repeat in the time stream at the the amplifiers and band defining filters, are common to both
spin period (2.16 m). The offset, though, would change sign sides.

relative to the celestial signal at half the spin period ¢ingb Since WMAP is calibrated on the CMB dipole, the pres-
the differentiation of celestial and instrumental signaBy ence of a passband mismatch means that the response to ra-
contrast, with our choice of polarization orientation® to- diation with a non-thermal spectrum is different from the re

larization dataATp, would repeat at half the spin period for sponse to radiation with a CMB spectrum (Kogut et al. 2003;
some orientations of the satellite. Consequently, anunstr Hinshaw et al. 2003b). This would be true even if the sky
mental offset would not change sign relative to a celesiigl s were unpolarized, the polarization offset zero, and thersea
nal upon a 18%spacecraft rotation. Thus the polarization data identical. The effect produces a response in the polaozati
are more sensitive to instrumental offsets than are theeaemp data of the form:

ature data. In general, the polarization data enters the tim

stream in a more complex manner than does the temperature ATP:AI}_AIﬁ . 6)
data. Q(Na) cos 2ya +U (Aa) SIN2ya
Calibration— An incorrect calibration between channels -Q(ng) cos 2 —U(fg) Sin 2vg.

leads to a leakage of the temperature signalxiip, contam-
inating the polarization map. Calibration drifts causeakie
age that varies across the sky. Jarosik et al. (2003a) stadw th
calibration drifts orr 1 day time scales are the result of sub-

whereAl; is the unpolarized temperature difference observed
in radiometer one, and similarly fdkl,. If these differ due to
passband differences, the polarization data will have an ou
Kelvin changes in the amplifier's physical temperature. The put component that is independent of azimuth angle. Given
sufficient azimuthal coverage, such a term can be separated

calibration can be faithfully modeled by fitting to the ploadi , :
temperature of each DA with a three parameter model. Here]crom StokesQ andU in the mapmaking process. We model

; ; o - the polarized signal a®cos 2y +U sin 2y + Swhere the con-
again WMAP's stability plays a key role. The residual cal- 4 :
ibration errors are at ther 0.2% level. These errors do not :gﬁ‘gg%ﬁgzorﬁgéﬁcﬁ%gﬂ] iliﬁutl?aﬂzzsuflmd mlirgat%g. We
limit the polarization maps because the bright Galactiopla y witra

is masked in the time ordered data when producing the highoutIined in Jarosik et al. (2006). Note that we do not need

Galactic latitude maps (Jarosik et al. 2006). The overall ab to know the magnitude of the passband mismatch, it is fit for

o Cn " o in the mapmaking process. Tlamap resembles a tempera-
Z?;lrj(t)iickaéltb;?tg)go%r)\certalnty is still the first-year val0.5% ture map of the Galaxy but at a reduced amplitude.69@in
Passband mismatch—Fhe effective central frequencies Krl])angl, 2d5% 'r? the V1 bhand, an_dhor;] averagadh for tbhe d
(Jarosik et al. 2003b; Page et al. 2003b) fof; and AT, other bands. The maps Slgree with the expectations base

; on the measured passband mismatch.
are not the same. This affects both the beam patterns,dreate Beamwidth mismatch-Fhe beamwidths of each polariza-
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FiGc. 3.— P andy maps for K, Ka, and Q bands in Galactic coordinates. See Beenal. (2003b, Figure 4) for features and coordinates.rd feeonly one

polarization map for K and Ka bands. For Q band, there are tapsmvhich have been coadded. The maps are smoothéd fth2 polarization vectors are
plotted whenever a r4 HEALPIx pixel (see §4.2, roughly 4gdgleg) and three of its neighbors has a signal to noise (P&&tgrthan unity. The length of the

LK
arrow is logarithmically dependent on the magnitud®oNote thatP is positive. Maps of the noise bias have been subtractecesetimages.

tion on each of the A and B sides are different. The difference between the A and B side beam shapes is due to the differ-
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FIG. 4.— Similar to Figure 3 but for V and W bands. The two V-bandmbave been coadded as have the four W-band maps. Thealgldiigher noise in
the ecliptic plane is evident. Maps of the noise bias have kebtracted in these images.

ence in shapes of the primary mirrors and is self consistentl into the polarization signal at high We have analyzed the

treated in the window function (Page et al. 2003b). The dif- data for evidence of this effect and found it to be negligible

ference in beam shapes betwegm; and AT, is due to the  Additionally, as most of the CMB and foreground polarizatio

mismatch in central frequenciés. signal comes from angular scales much larger than the beam,
This effect is most easily seen in the K-band observations ofthe difference in window functions can safely be ignored in

Jupiter. We denote the brightness temperature and solid ang this data set.

of Jupiter withT; and);, and the measured quantities@s Polarization isolation and cross polarizationPelarization

and<;. Although the product;Q; = T502; is the same forthe  iSolation,Xep, and cross polarization are measures of the leak-

two polarizations (because Jupiter is almost a thermaksour 29€ of electric field from one polarization into the measure-

in K band), the beam solid angles differ by 8.1% on the A-side Ment of the orthogonal polarization. For example, if a seurc

and 6.5% on the B-side (Page et al. 2003a). The primary effectvere fully polarized in the vertical direction with intesly

of the beamwidth mismatch is to complicate the determimatio @nd was measured to have intensjty= 0.01l, with a hori-

of the intrinsic polarization of point sources. zontally polarl_zed d_etect_or, oge would say that the crotmpo
The difference in beams also leads to a small difference/®SPonse (or isolation) igp|® = 1% or-20 dB. The term

in window functions betweed\T; and AT,. The signature Polarization isolation” is usually applied to devices weas

would be leakage of power from the temperature anisotropy ¢'0SS polarization” is applied to the optical responseftf t
telescope. We treat these together as a cross-polar respons

15 |f the passhands were the same, the beam solid anglesTioandA T, For WMAP, the off-axis design and imperfections in the or-
would be the same ta 0.5% accuracy. thomode transducers (OMT) lead to a small cross-polar re-
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FiG. 5.— A Lambert azimuthal equal area projection of the Gadgmbles (eft: north) showing the K-band polarization. The circumferenteach map is
at zero Galactic latitude. The convention in this plot is $e bars to indicate the polarization direction. It is cléeat the polarization extends to high Galactic
latitudes. A map of the noise bias is subtracted from thigjiena
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FiG. 6.— StokesQ andU maps in K and Ka bands. The Galactic plane is dominated byiym$&tokesQ because the foreground polarization direction is

perpendicular to the plane. As discussed in 84, this is égfdduecause the Galactic magnetic field is predominantlglighto the plane. For comparison, the
StokesQ andU maps of a noiseless CMB simulation have peak-to-peak vailiess than 6:K. These maps have been smoothed%o 1

sponse. The ratio of the maximum of the modeled crosspolar ambe the maximum of the modeled copolar beamas,
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-27,-30,-30, & =35 dB in K through W bands respectively. largest term is due to the passband mismatch and is consis-
The determination of the feed and OMT polarization isolatio tently treated in the mapmaking process. The second smaller
is limited by component measurement. The maximum valuesterm is due to the intrinsic polarization. We assess the con-

we find are: |[Xcp|? = =40, =30, =30, -27, & -25 dB for K tribution of both terms by simulating the effects of scan-pat

through W bands respectively (Page et al. 2003b). tern of the sidelobes on th@ andU polarization maps. The
BecauseWMAP measures only the difference in power results are reported in Barnes et al. (2003) for the first-yea
from two polarizations, it measures only Stok@sn a ref- polarization maps. In K band, the net rms contamination is

erence frame fixed to the radiomete@igag. The sensitiv- 11K outside of the Kp0O mask region (Bennett et al. 2003b).
ity to celestial Stoke€) andU comes through multiple ob-  The intrinsic polarized sidelobe pickup +s1uK and is not
servations of a single pixel with different orientationstoé accounted for in this three-year data release. The contamin
satellite. The formalism that describes how cross poléidma  tion is more than an order of magnitude smaller in the other
interacts with the observations is given in Appendix A. To bands.

leading order, the effect of a simple cross polarizatiorhef t

form Xcp = XdY is to rotate some of the radiometdrinto a 4. THE FOREGROUND EMISSION MODEL

Q component. The measured quantity becomes: The microwave sky is polarized at all frequencies measured
ATp = QRg+ QB4+ 2X coslY) (Ukug+ UR.0 (7) by WMAP. In K band the polarized flux exceeds the level of

B CMB polarization everywhere over the full sky. By contrast,
whereQg,q andQR,q are the Stoke® components for the A unpolarized foreground emission dominates over the CMB

and B sides in the radiometer frame, similarly witg,, and only over~ 20% of the sky. Near 60 GHz anid~ 5, the
Ugae: Note that in the frame of the radiomet@@g,, (Stokes  foreground emission temperature is roughly a factor of two
Qin the B-side coordinate systemH&g, This leadstothe  Jarger than the CMB polarization signal. Thus, a model of the
difference in sign conventions between the above and Equaforeground must be subtracted before a cosmological analy-
tion 5. System measurements limit the magnitudeXgf|® sis is done. While it is possible to make significant progress
but do not directly give the phas¥, Laboratory measure-  working with angular power spectra, we find that due to the
ments of selected OMTs show= 90" £ 5°, indicating the  correlations between foreground components, a pixel space

effective cross polar contamination is negligible. model is required. Table 2 gives the foreground emission lev
We limit the net effect of the reflectors and OMT with mea- g|s in a region around the Galactic center.

surements in the GEMAC antenna range (Page et al. 2003b).
We find that for a linearly polarized input, the ratios of the

maximum to minimum responses of the OMTs are-2p, TABLE 2

-27,-25, =25, -22 dB for K through W band respectively; TEMPERATURES IN THEGALACTIC CENTERREGION
2) 9¢° £ 2° apart; and 3) withint1.5° of the design orienta-

tion. Thus, we can limit any rotation of one component into Band I [mK] Q[mK] U [mK]
another to< 2°. The comparison ofy derived from Tau A K 33 0.69 025

to the measurement by Flett & Henderson (1979) in Table 1 Ka 14 0.21 -0.086
gives further evidence that any possible rotation of thé&to Q 8.7 0.10 -0.041
components is minimal. Based on these multiple checks, we \Y; 4.0 0.037 -0.01<U < 0.01
treat the effects of optical cross polarization and incatepl W 3.6 0.043 -0.01<U < 0.01

polarization isolation as negligible.

Loss imbalance—A certain amount of celestial radiation is "€ table gives the average values for the temperatureQaarid

. - : U Stokes parameters ind = 2° by §l = 10° region centered on
lost to absorption by the optics and waveguide Components'(I,b) =(0,0). The values are in thermodynamic units relative to the

If the losses were equal for each of the four radiometer Biput s\ To convert to antenna temperature, divide by 1.01429,.0
their effect would be indistinguishable from a change in the 1 044, 1.100, 1.251 in K through W bands 'respectively.

gain calibration. However, small differences exist thai-pr
duce a residual common-mode signal that is separable from
the gain drifts (Jarosik et al. 2003a). The mean loss diffeze
(Xim) between the A- and B-sides is accounted for in the map-
making algorithm (Hinshaw et al. 2003a; Jarosik et al. 2003a
In addition, the imbalance between the two polarizationa on
single side, the “loss imbalance imbalance,” is also inetud
(Jarosik et al. 2006). It contributes a term.2TA+LBTB) to

The two dominant components of diffuse polarized fore-
ground emission in the 2394 GHz range are synchrotron
emission and thermal dust emission (Weiss 1984; Bennett
et al. 2003b). Free-free emission is unpolart?eahd spin-
ning dust grains are expected to have polarization frastidn
1-2% (Lazarian & Draine 2000). The signal from polarized

. radio sources is negligible (Table 9, Hinshaw et al. 2006 T
ATe. HereT”® is the sky temperature observed by the A.B  etected polarized sources are all well known, and among the
side, and"" is the loss imbalance between the two polariza- yiqptest objects in the temperature source catalog. Tiney i
tions on theA, B side (see Appendix A). The magnitude of - ¢,,de 3¢273, 3C274 (M87, Vir A), 3C279, Fornax A, Pictor
L™ is < 1% (Jarosik et al. 2003b). A, [HB93]2255-282, and [HB93] 0637-752 and are masked

A change in the loss across the bandpass due to, for exyq discussed below. The potential impact of polarized fore-

ample, the feed horns is a potential systematic error that weyqng emission on the detection of the CMB polarization
do not quantify with the radiometer passhand measurement$ o< been discussed by many authors including Verde et al.

(Jarosik et al. 2003b). The magnitude of the effect is second(2006); Ponthieu et al. (2005): de Oliveira-Costa et al0@0

order to the loss imbalance which is 1%. We do not have agiading et al. (2002); Tucci et al. (2002); Baccigalupi et a
measurement of the effect. Nevertheless, as the effectamimi (2001); Tegmark et al. (2000).

a passband mismatch, it is accounted for in the map solution.
Sidelobes—When the sidelobes correspondingAdp are 16 There may be polarized emission at the edges of HIl cloudstsiin
measured, there are two terms (Barnes et al. 2003). TheKeating et al. (1998).
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Synchrotron emission is produced by cosmic-ray electronsthis as a starting point aimed at understanding the gross fea
orbiting in thea 3 uG Galactic magnetic field. The unpo- tures of theWMAP data. A more detailed model thatincludes
larized synchrotron component has been well measured bythe wide variety of external data sets that relate to paéinn
WMAP in the 23 to 94 GHz range (Bennett et al. 2003a). The is beyond the scope of this paper.
brightness temperature of the radiation is characterized b  For both synchrotron and dust emission, the Galactic mag-
T(v) o< v% where the index3.1 < s < —2.5 varies consider-  netic field breaks the spatial isotropy thereby leading tapo
ably across the sky (Reich & Reich 1988; Lawson et al. 1987).ization. Thus, to model the polarized foreground emissien w
In the microwave range, the spectrum reddefhsténds to need a model of the Galactic magnetic field. As a first step,
more negative values) as the frequency increases (Banday &ve note that the K-band polarization maps suggest a large co-
Wolfendale 1991). herence scale for the Galactic magnetic field, as shown in Fig

Synchrotron radiation can be strongly polarized in the di- ure 3.
rection perpendicular to the Galactic magnetic field (Rigbic We can fit the large-scale field structure seen in the K-band
& Lightman 1979). The polarization has been measured at amaps with a gas of cosmic ray electrons interacting with a
number of frequencies [from Leiden between 408 MHz to 1.4 magnetic field that follows a bisymmetric spiral (BSS) arm
GHz (Brouw & Spoelstra 1976; Wolleben et al. 2005), from pattern. Many external galaxies show similar arm patterns
Parkes at 2.4 GHz (Duncan et al. 1995, 1999), and by the(e.g., Sofue et al. 1986) and the BSS pattern is a good fit to
Medium Galactic Latitude Survey at 1.4 GHz (Uyaniker et al. pulsar measurements (Han & Wielebinski 2002). The BSS
1999)]. At these low frequencies, Faraday rotation altees t magnetic field is modeled as:
polarization. Electrons in the Galactic magnetic field t®ta

the plane of polarization because the constituent left gyd r - -

circular polarizations propagate with different velaggin the B(r,¢,2) BO[C(_)Sw(r) COSX(Z)rA )
medium. In the interstellar medium, the rotation is a func- siny(r)cosy ()¢ +

tion of electron densityje, and the component of the Galactic sinx(2)7]

magnetic field along the line of sigig,, where(r) = o + 1 In(r /8 kpc), x(2) = xotanhe/1 kpc), r
1 GHz\ 2 [L/tkec Ne By andz are measured in kpe, ranges from 3 kpc to 20 kpc,
) / dr (O 1 Cmg) (1 G) and the angles are in degrees. For a fixed radjshds the
0 ' " same value at all azimuths. We take 8 kpc as the distance
; ; ; ; e =3 to the center of the Galaxy (Eisenhauer et al. 2003; Reid &
\Lvrle;ekg]ce, Igrt]?g‘r?,lvlsl(z:/g,rmg Im;; ?;gggg I\;V;g]N 2210(.37;2 Brunthaler 2005). The values are determined by fitting to the
with v in GHz. At WMAP frequencies the rotation is negli- <-Pand field directions. While the tily (2) with xo = 25°, and

gible, though the extrapolation of low frequency polaiigat ~ the radial dependenceyr) with v, = 0°9, optimize the fit,
measurements t&/MAP frequencies can be problematic. In the key parameter igo, the opening angle of the spiral arms.
addition there may be both observational and astrophysical’Ve find that the magnetic field is a loosely wound spiral with
depolarization effects that are different at lower frecgies 0= .

(Burn 1966; Cioffi & Jones 1980; Cortiglioni & Spoelstra To model the cosmic ray electrons, we assume they have a

b VAP -

1995). Thus, our model for subtracting the foreground emis- POWer-law distribution with slopé’ p = ~(24:+3) = 3 (Ry-

sion is based, to the extent possible, on the polarizatimrdi ~ PiCki & Lightman 1979) and are distributed in a exponential

tions measured byWMAP . disk with a scale height dfy = 1 kpc and a radial scale length
The other dominant component of polarized foreground ©f hr =5 kpc (€.g., Drimmel & Spergel 2001) as

emission comes from thermal dust. Nonspherical dust grains Ne = Npexp(r /h;)sech(z/hy). (10)

align their long axes perpendicularly to the Galactic mag- , , ) i .

netic field through the Davis-Greenstein mechanism (Davis YWhile the amplitude of the signal is sensitive to the details

& Greenstein 1951). The aligned grains preferentially abso the cosmic ray distribution and the magnetic field strugture

the component of starlight polarized along their longeg.ax W€ may estimate its overall structure with the smooth field

Thus, when we observe starlight we see it polarized in theModel (Eq. 9) and cosmic ray distribution. We compute the

same direction as the magnetic field. These same grains emiolarization direction in this simple model as:

thermal radiation preferentially polarized along theindest

A= 420’(

v

axis, perpendicular to the Galactic magnetic field. Thus tan 2y(f) = u(n)

we expect to observe thermal dust emission and synchrotron ~Q(n)

emission polarized in the same direction, while starlighto-

larized perpendicularly to both. = fn‘*(xj ﬁ)ZE’S(Xj ﬁ)B[gx, ﬁz dx (11)
In Section §4.1, we describe a model of the polarized mi- J ne(x, ) [B2(x, n) —BZ(x, n)] dx

crowave emission from our Galaxy that explains the gen-\yheren is the line-of-sight directionx is the distance along
eral features of th&VMAP polarization maps. However this  that directiony, is the electron distribution described above,
model is not directly used to define the polarization mask or 5B, andBs are orthogonal components of the field perpen-
to clean the polarization maps. We go on to define the polar-gicylar to the line of sight, witts, the component perpendic-
ization masks in §4.2 and in §4.3 we describe how we subtracty|ar to thez axis of the Galactic plane. The parameters of the

the polarized foreground emission. BSS model are determined by fitting the predicted directions
I — Equation 11, to the measured the K-band field directions.
4.1. The Galaxy MagnetlcEl:](ia;c;izgd a Model of Foreground Figure 7 shows the predicted magnetic field directions for

) . the BSS model. In the plane, the field lines are parallel to
In the following, we present a general model of polarized

foreground emission based VAP observations. We view 17 Bennett et al. (2003a) usesin place ofp.
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0° 180°

FIG. 7.—Left: The angle of the magnetic fielgy =vypa+90°, derived from the synchrotron radiation in the K-band mapgsthed with a 4 beam) shown in
Figure 3. (We do not distinguish betwegri80° in the field direction.) The predominant low Galactic latié®umagnetic field direction is parallel to the Galactic
plane m = 90°) and thus the synchrotron (and dust) polarization direstibavey =~ 0°. In the North Polar Spur region, the magnetic field is perjprrar
to the Galactic plane corresponding+@ ~ 0° or 180°. Note the large scale coherency of the fieRight: The predicted magnetic field direction given by a
simple model of the electron distribution and the bisymiedpiral arm model (Equation 9) for the magnetic field.

the Galactic plane and the polarization projects into pasit  olating the 408 MHz measurements to 22 GHz (an extrapola-

StokeQ. Near the Galactic pole, the field lines all pointalong tion of 40 in frequency and over 10,000 in amplitude):

the spiral arm direction. When projected iffpandU, this 09 \ B

leads toy rotating around the pole. We assess the agreement A) = gl I N

between the model field directions and the directions ieférr Qmoaef) =0lnas) | 5755 Gsynd1) €OS(2jmoge)

from the K-band polarization with the correlation coeffitie 0 N\ f

I = c0S(26mode—Ydata)), and take the rms average over 74.3% U A) = gly A <_> I fA) sin 13

of the sky (outside the P06 mask described below). For our modeff) = lhaslr) 0.408 <synd ) SiN(2ymodel13)

simple model the agreement is clear 0.76 for K band. whereq is the ratio of the homogeneous field strength to the
For a power law distribution of electrons moving in a ho- 4] field strength. Note that the model effectively hasyonl

mogeneous magnetic field, the polarization fractiofilis=  gne free parameter: an overall amplitude, which is desgribe

(p+1)/(p+7/3)=0.75 (Rybicki & Lightman 1979). Because by a degenerate combination of the spectral indigxandd.

the field dlrgcuon changgs as one integrates along the fine o For 3s = -2.7, the best fit value fog is 0.7. This implies that

sight, there is a geometric suppression of the amplitude®f t  {he energy in the large scale field is roughly the same as the

polarization signal. We estimate this geometric suppeessi  energy in small scale fields, consistent with measureménts o

as B(f external galaxies (Han & Wielebinski 2002) and studies of
Osynd ) = ﬂ, (12) dust polarization in the Milky Way (Jones et al. 1992).
Is 1(n) Figure 9 compares the K band polarization signal to the ex-

-, . o trapolated 408 MHz maps. Given the simplicity of the model
where all quantities are determined from the mod&) = (uniform cosmic ray spectral indexy, and a uniform BSS

V/Q?+U? and| is found by integrating the magnetic field fie|q), the agreement is remarkably good. The largest devia-
and cosmic ray distribution along the line of sight. The re- tjons are seen near spiral arms. Recent observations (Eaomo
sult is shown in Figure 8. This geometric reduction factor et 51, 2002) suggest that cosmic rays are accelerated in star
ranges from unity to zero and is especially small in the Galac forming regions. If most cosmic rays are accelerated iraspir
tic plane at longitudes nedr -100°. When compared to the  5yms and then diffuse away from the arms, we would expect a
K-band data, the model over suppresses the predicted polafjatter spectral index in the arms, consistent with the alzser
ization near’ = _}000 so we enforc@sync> 0.2. Thatis, we tjons, In Figure 10 we show that the radio loops (Berkhuijsen
globally setgsync= 0.2 where it is initially less than 0.2. et al. 1971) seen at 408 MHz, probably from supernovae or
) . “blowouts,” are also seen in tH& MAP data.
4.1.1. Comparison to Low Frequency Observations
The polarization of edge-on spirals NGC 891 and 4565, 4.1.2. Starlight Polarization and Polarized Dust Emission

which are similar to the Milky Way, has been measured by Measurements of starlight polarization serve as a template
Sukumar & Allen (1991). The observations are at 5 GHz and for the analysis of polarized microwave dust emission (Fos-
thus probe primarily synchrotron emission. They find: (1) at alba et al. 2002; Bernardi et al. 2003). We have combined
distancesx 2 kpc off the galactic plane the polarization frac- several catalogs of optical dust polarization measuresnent
tion can be>20%; and (2) in the plane, heights0.5 kpc, (Heiles 2000; Berdyugin et al. 2001; Berdyugin & Teerikorpi

the polarization fraction drops ta5%. Hummel et al. (1991) 2002; Berdyugin et al. 2004) to construct a template for the
show that (3) between 0.66 GHz and 1.5 GHz the spectral in-magnetic field direction in dusty environments. Since there

dex ranges frons = -2.5 in the plane tq3; = —3.5 well off are significant variations in the dust column density, weyonl
the plane. WMAP observes qualitatively similar behavior in  use the measured direction to construct the dust template. T
K band. dust layer has a scale height of 100 pc (Berdyugin & Teeriko-

At 408 MHz, Haslam et al. (1982) have surveyed the Galac- rpi 2001; Drimmel & Spergel 2001). Observations toward the
tic plane in intensity. At this frequency, synchrotron esios Galactic poles suggest that most of the dust absorption oc-
dominates maps. We test the magnetic field model by extrap-curs within 200 pc. To select stars outside the dust column fo
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Reduction Factor for Synchrotron Reduction Factor for Dust

[
0 1

FIG. 8.— The left panel shows the geometric suppression fagtgsdr), in the polarization due to the magnetic field geometry. He tegion of low

polarization,gsynd) is bounded to be greater than 0.2. The right panel shows ilasigeometric suppression factor for polarized dust eimiEggus( ), see
§4.1.3.

K1 Polarization Amplitude K1 Polarization Prediction from Haslam

0 T(MK) 0.1

FiG. 9.—Left: The observed K-band polarizatioR, The color scale ranges from 0 to 0.1 nfRight: The model prediction of the K-band polarization based
on the Haslanintensitymap. The model has one effective free parameter, the ratibeofiomogeneous field strength to the total field strengtthawrs in
Equation 13. This plot shows the results flar=-2.7 & q=0.7.

|b| > 10°, we limit the sample to the 1578 stars with heliocen- 4.1.3. Thermal Dust Emission

tr;ggl':?ggssbggfgétt?]aerr‘es?sO;g' Il?rdfl sltooe’ngri]sesirgr?(;%rlﬁ dis- Based on the detection of starlight polarization, thermal

F furth than the st p | dust emission is expected to be polarized at millimeter and

as\?es ur eratwt?]y ?nl' ﬁts arls s_an:p e'd ) . sub-millimeter wavelengths. Archaeops has detected -polar

termes E)?F;rez?;rizat?oz 2rrn|gIitugg*aarllr?gtlj?rgct%?my*)’ In ized thermal emissio'n at 353 GHz (Benoit et al. 2004). An
P P i extrapolation from this high frequency suggests thavAP

Q. =P, cos(2,) should see polarized thermal dust emission at 94 GHz. Here,
U, =P, sin(2y,) (14) we report on the//MAP detection of dust polarization at 94
o * GHz.
We then smooth the starlight data by convolvifyg (P.) and We generate a template for the dust polarization by using

(U,/P.) with a Gaussian window with a FWHM of°@. The  the Maximum Entropy Method (MEM) dust intensity map
smoothing is required because the measurements are goarse(Bennett et al. 2003a), the smoothed polarization diractio
distributed. As a result, this dust model is applicable daty ~ from the starlight, and the model geometric factor for thstdu
¢ <15 and|b| > 10°. Above,~, describes the direction of layer:

this smoothed starlight polarization field. We can quarttiy =1 I ) cos
agreement between the starlight _aWMAP K—band_ po!ar- Sdusiyg_ldusi ﬁ;Hdgdusi ﬁ;sin ((;y}’dusat) (15)
ization measurements by computing their correlation irheac dust¥’) = ldus d9dus dus

pixel, z= cos(2f, —vk) + 7) where~ is the direction in K wherevyqust = 7« +7/2 is the smoothed starlight polarization
band. Figure 11 shows a plot of the correlation as a functiondirection. The geometric suppression factor for the dugt;,

of position. The median correlation coefficient is 0.72 im- is computed along the same linesggg,in Equation 12 and
plying that the dust and K-band directions typically agmee t is shown in Figure 8. To computén) we assume the dust has
20°. Because of noise in both the K-band and starlight maps,a scale height of 100 pc and a radial scale length of 3 kpc. To
this is an underestimate of the correlation. Neverthelbgs, find P(f) we use the BSS magnetic field model. The fractional
correlation tells us that the basic model relating the igfiat| polarization,Ilq = 0.05, is found with a best fit of the model
the dust, synchrotron emission, and the magnetic field agreeto the data. The uncertainty is estimated to be 50%.

with observations. Figure 12 compares this predicted pattern of polarization t
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FiG. 10.—Top: The Haslam 408 MHz map is shown with circles indicating lofpsn Berkhuijsen et al. (1971). These ridges of enhance@dlialradio
emission are seen across the sky at low radio frequenciesN®tth Polar Spur (“Loop 1”) and the Cetus arc (“Loop |I") aramples of these features, which
have been described as the remnants of individual supernovaf correlated supernovae outbursts that produce bisyor as helical patterns that follow the
local magnetic fields projecting out of the plane. Four sudp$ can be seen in the Haslam 408 MHz radio map antthP map. Bottom: The WMAP
K-band polarization map with the same loops superimposeute that the highly polarized southern feature is close ¢éoNbrth Polar Spur circle and may
be related to the same physical structure. Note also thagtdlaization direction is perpendicular to the main ridge @f the North Polar Spur, indicating a
tangential magnetic field. This is also seen in the soutreatufe. Whether or not they are physically related remaictear.

Optical Dust- K-band correlation

Fic. 11.— A map of the correlation, z, between the polarizatingle derived from the polarization of starlight, and theapiziation angle in K-band. In
the regions of high K-band polarization, the correlatiosstiong. The polarization directions are anti-correlarethe Orion-Eridanus region nehr -165°,

suggesting spatially distinguished regions of dust andtsiiron emission.

the cleaned W-band observations. We use the K-band syn-  trehtemplate to clean Q, V and W bands and then use the
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Q and V band maps to remove the CMB polarization signal also show evidence for spinning dust emission (Finkbeiner
from the W-band maps; though removing the CMB compo- et al. 2002, 2004; Watson et al. 2005) though the signature
nent is not necessary. The W-band map is then smoothed withs not ubiquitous. The status of the observations is diggzliss
a 1@ beam for plotting. The appearance of the dust polariza- further in Hinshaw et al. (2006).

tion signal pattern is similar to that found by Archeops (Pon  The WMAP polarization measurements potentially give us
thieu et al. 2005, Figures 2 & 3). However, the signal to noise a new way to distinguish between synchrotron and dust emis-
ratio is low due to the low level of polarized dust emission at sion at microwave frequencies. While synchrotron emission
94 GHz. The predominant feature is that the plane is domi- expected to be highly polarized, emission from spinning dus
nated by positive Stoke@ emission. A visual comparisonto grains is thought to be weakly polarized. While promising,
the model is less robust. One must keep in mind that sincethe signature is not unique as a tangle of magnetic field lines
stars are heavily obscured in the plane, the model is not ex-can also lead to a low polarization component (Sukumar &
pected to be accurate in the plane. Nevertheless, sincesStok Allen 1991) as seen at 5 GHz where spinning dust emission is
Q emission corresponds to the dominant horizontal magneticexpected to be negligible. Using a model for the polarizatio
field, one does not have to sample too deeply to pick it up. fraction of the synchrotron emission based on the BSS struc-
Similarly, we interpret the poor correlation between thaedglo  ture, we separate the microwave intensity emission intgh hi

U and the observed as due to the insufficient sampling of and low polarization component:

other magnetic field directions by rather limited depth & th

stars. Some common features between the model and W-band lflﬁgh(ﬁ) =P”(R)/AllsGsynd 1)
data are seen fob| > 10°. Fits of the data to the model 'l'f)w(ﬁ):|V(ﬁ)"r’figh(ﬁ)‘lchr\(/fB‘lyFEM’y (16)

are given in Section §4.3. Clearly, more integration timé an

. . . v 4 1 1 1 1
more stellar polarization measurements are needed to fill ouWhere|” and P are the intensity and polarization maps
the model at frequencyv. For notational convenience, we use=

o o K,Ka,Q,V,W. IMEM is the MEM CMB map and¥:"" is
4.1.4. Spinning Dust Emission? the MEM free-free map for band (Bennett et al. 2003b). In

Electric dipole emission from rapidly spinning dust grains effect, we use th&/MAP polarization maps to extract the
is potentially a significant source of emission at WMAP fre- intensity map of the low-polarization componentin the data
quencies (Erickson 1957; Draine & Lazarian 1998). Ther- Figure 13 compares the morphology of the low polarization
mal fluctuations in the magnetization of magnetized grains K-band map to the W-band MEM dust map (Bennett et al.
may also be a potentially significant source of emission at mi 2003a). Even in this simple model based on a number of
crowave wavelengths (Prunet & Lazarian 1999). Both have @ssumptions, the agreement in morphology is striking. We
been proposed as an explanation for the correlations seefluantify this by computing the rms deviation between the two
between thermal dust emission at 140 and microwave Scaled maps,

emission in many cosmic background experiments: COBE S (w(n) -l K (7))?
(Kogut et al. 1996), OVRO (Leitch et al. 1997), Saskatoon (de d?= L (17)
Oliveira-Costa et al. 1997), the 19 GHz Survey (de Oliveira- 2 w(n)

Costa et al. 1998), Tenerife (de Oliveira-Costa et al. 1999,where W is the W-band map, the scale factorvis 0.105,
2004), Python V (Mukherjee et al. 2003), and COSMOSO- and the sum is taken over pixels. We fidet 0.05. In other
MAS (Fernandez-Cerezo et al. 2006). words, we can “predict” the distribution of dust in W band
The spectral shape of spinning dust emission can be similarfrom just the K band intensity and polarization maps. The
to synchrotron emission in the 20-40 GHz range. Thus modelslow polarization fraction component has a spectral index of
with either variable synchrotron spectral index (Benne#le B =-2.6 between K and Q bands. This correlation between
2003b) or with a spinning dust spectrum with a suitably fit the low polarization emission regions at 22-45 GHz and the
cutoff frequency (Lagache 2003; Finkbeiner 2004) can give thermal emission at 90 GHz and higher may be interpreted
reasonable fits to the data. Howeverpat 20 GHz there  as either a very tight correlation between tangled field files
is a considerable body of evidence, reviewed in Bennett et al star forming (dusty) regions or as evidence for spinning dus
(2003b) and Hinshaw et al. (2006), that shows (1) that the syn emission. More polarization data,< 22 GHz observations,
chrotron index varies across the sky steepening with iserea and extensive modeling are needed to conclusively debneat
ing galactic latitude (as is also seelWMAP ) and (2) thatin  the magnitude and morphology of the various components.
other galaxies and our galaxy there is a strong correlasn b
tween 5 GHz synchrotron emission and 108 (3000 GHz) 4.2. Masking Polarized Foreground Emission

dust emission. The combination of these two observations
. o= e To compute the CMB power spectrum, we must mask the
imply that thev < 40 GHz WMAP foreground emission is  egions with the brightest foreground emission. For pateri

dominated by synchrotron emission as discussed in Hinshawg, \ye create a set of masks with a process that is somewhat
et al. (2006). Nevertheless, we must consider spinningatust

X =Y ; : X analogous to the creation of the temperature masks (Bennett
a possible emission source. While on a Galactic scale it ap-o¢ 51 2003b). First, the K-ban@ andU polarization maps
pears to be sub-dominant, it may be dominant or a significant, .o ;sed to compute a positive-definite HEALpiX#4 map.

fraScu_on of tr(‘je em|ss&o? n S%’T‘e regions c;)r_ clouds. __From this a noise-bias variance map (Jarosik et al. 2006) is
pinning dust models predict an unambiguous signature inghiracted. The rectified noise-bias correction is small be

intensity maps: at 5-15 GHz, the dust emission should beq5,qe of the coarse resolution at r4. A histogram of pixel
significantly less than the synchrotron emission. Finkéein polarization amplitudes in this noise-bias-corrected mpp

(2004) and de Oliveira-Costa et al. (2004) argue that the imat law. Th Ki th ixel val
Tenerife and Green Bank data show evidence for a risingproxlma esapoweriaw. The peakis hearthe zero pixetvaie,

spectrum between 10 and 15 GHz, suggesting the presence 18 the number of pixels is 12, whereNsige = 2* for r4, or resolution 4
of spinning dust. Observations of individual compact ckud (Goérski et al. 1998). See notation in Bennett et al. (2003b).



WMAP Year-3 Polarization Maps 15

W band polarized dust emission

=
!'-nf ¥
5

e

Model

| |
-0.01 T(MK) 0.01

FIG. 12.— The upper panels show the polarization signal at W batiidthe CMB and synchrotron signal removed (smoothed witB°aGaussian beam). The
left and right panels show Stok€sandU polarization components respectively. There is a clego@rderance of Stoke emission in the plane. The lower
panels show the predicted dust polarization based on Equa8. For|b| < 10°, the stars do not sample the dust column well and the modeltiagturate,
especially for Stokell. For|b| > 10°, there are regions where the data and model agree to the eyever, a fit (§4.3) is used to assess the level of polarized
dust emission in the maps.

there are just a few negative pixels (due to the noise bias cor We find, in general, that the extragalactic point sources are
rection), and there is a long positive tail. minimally polarized in theWMAP bands, as discussed in
Unlike the process in which the temperature masks wereHinshaw et al. (2006). We construct a source mask based
created, there is no natural cut level based on the histogranon the exceptions. The most significant exception (not al-
peak. Instead, the cuts are given in terms of the mean of theeady covered by the synchrotron or dust polarization masks
noise bias corrected map of P at K band. The cut level atis Centaurus A, an extended and polarized source. We found
the mean is denoted “P10”. The cut level at 0.2 times the excellent agreement betwedMAP and previously pub-
mean is “P02”, etc. For each cut level, a preliminary mask is lished maps of Cen A (Figure 2). Based on this information,
made by setting r4 pixels greater than the cut level to 1, andwe custom-masked the full extent of Cen A. Six other bright
all others to 0. This mask is expanded to r9 and smoothedpolarized sources that we masked are Fornax A, Pictor A,
by a 775 FWHM Gaussian. This mask map is set back to all 3C273,3C274, 3C279, PKS 1209-52. (Some bright polarized
0s and 1s using the 0.5 level as a cut-off and the sense of theources already covered by the synchrotron and dust mask re-
mask is reversed, so that the masked-out parts of the sky havgions include: 3C58, Orion A, Taurus A, 1C443, 1209-52,
zeros (theWMAP convention). The above process results in W51, W63, HB21, CTB104A). We have determined that, for
a synchrotron polarization mask. most applications, the mask that we call “P06” is the best
In the case of temperature masks, we found that additionalcompromise between maximizing usable sky area while min-
masking based on the higher frequency bands was redundanimizing foreground contamination. With the above consid-
This is not the case with polarization. Thus we make a dusterations, the PO6 mask masks 25.7% of the sky, mostly near
polarization mask in a similar manner. We begin with thefirst the Galactic plane. We use the terminology “outside the P06
year MEM dust model box-averaged to r7. Half the maximum mask” to refer to data in the 74.3% of the sky left for cosmo-
value found in a subset of pixels in the polar cajss £ 60°) logical analysis. Various masks are shown in Figure 14.
is adopted as the cut-off level. A preliminary mask is made by
setting r7 pixels greater than the cut-off level to unityl afi 4.3. Removing the Polarized Foreground Emission from the
others to zero. This mask is then resolution expanded to a r9 Maps
map, smoothed by a°® Gaussian, and set back to digital lev-

els with a 0.5 cut-off. The sense of the mask is then reversed Based on our analysis of the Galactic foreground emission,
to fit the WMAP convention. Each synchrotron polarization We have generated synchrotron and dust template maps for

mask is ANDed with the (constant) dust polarization mask the purposes of foreground removal. The template maps are
and a constant polarized source mask. fit and subtracted from the Ka through W band data to gener-

ate cleaned maps that are used for CMB analysis. We assess
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FIG. 13.— Temperature maps of the low polarization componemt&f Q, and W bands. The maps are computed using equation Th&)color scale is in
mK. Near the Galactic center, the low polarization compoigeapproximately 6%, 3%, and 6% of the unpolarized emissidfy Q, and W bands respectively.

+90°
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| AN
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FIG. 14.— The polarization masks, in Galactic coordinates samvn for the P02, P04, P06, and P10 cut levels. The croskduategion along the Galactic
plane, common to all polarization masks, shows the dustsitiecut. The P06 cut is outlined by the black curve. The raddources are in violet. The North
Ecliptic Pole (NEP), and South Ecliptic Pole (SEP), and &aeCenter (GC) are indicated.

the efficacy of the subtraction witg? and by examining the  in the K-band map when fitting and subtracting the template.
residuals as a function of frequency and multipbles de- For dust emission, we construct a model using Equation (15),
scribed in §85.2. where we use the FDS dust model eight (Finkbeiner et al.
We use the K-band data to trace the synchrotron emission,1999) evaluated at 94 GHz to trace the dust intensity;
taking care to account for the (relatively weak) CMB signal We call this template-based foreground model “KD3Pol". We
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have tried a number of variants on the model, such as using
the K-band polarization direction to trace the dust di@tti
~Ydust= YK, and we find that our cosmological conclusions are
insensitive to the details of the dust template.

TABLE 3
FIT COEFFICIENTS TOFOREGROUNDTEMPLATES

The synchrotron and dust templates are fit simultaneously Band Asv Pk, ) i Pa(v, )
in StokesQ andU to three-years maps in Ka through W Ka 0.310 -3.22 0.0015 1.54
bands. The three-year maps are constructed by optimally Q 0.169 -3.12 0.0015 1.89
combining the single-year maps for each DA in a frequency \4 0.061 —2.94 0.0034 1.92
band. Specifically W 0.036 —2.51 0.0089
1 Ka 0.297 -3.33 0.0015 1.54
[Q.U.1= (D N NTQLU] (18) Q 0.149  -3.33 0.0015 1.89
i i v 0.041 -3.33 0.0034 1.92

W 0.011 -3.33 0.0089

wherei is a combined year and DA indexQ[,Ui] is a po-
larization map degraded to r4 (Jarosik et al. 2006), Kt The top of the Table gives the coefficients for a direct fit ®polar-
is the inverse noise matrix for polarization miagrhe fit co- ization maps. Thex are dimensionless and produce model maps in

efficients,as andag are obtained by minimizingz defined thermodynamic units. The spectral indicgsefer to antenna tem-
as ' ' perature. The bottom half of the Table gives the same nunfbers

5 when the synchrotron fit is constrained to follow a power |ake
2 _ ([QV7UV] _as,u[QSaUS] _ad,u[deud])
=)
p

(19) fits were evaluated outside the processing mask.
[08,05] ’

where Rs,Ug] is the K-band polarization map (the syn- If the fit coefficient to the higher frequency channelais
chrotron template) Qq,Uq] is the dust template, andé, o] then the cleaned maphd’'(v) = (M(v) —aoM(v =K)) /(1 -ap),
is the noise per pixel per Stokes parameter in the three-yeawhereM is the map and denotes the frequency band. The
combined maps. We have tried using optimigfy) weight- factor of 1/(1-ay) dilates the noise in the new cleaned map.
ing for the fits as well, and found similar results for the co- The maps we use for cosmological analysis were cleaned us-
efficients. The results reported here are based on the simpleing the coefficients in the bottom half of Table 3, including
diagonal weighting. The fit is evaluated for all pixels odési  the above correction to account for loss of CMB signal.
the processing mask (Jarosik et al. 2006). One measure of the efficacy of the foreground removal is
The fit coefficients are given in the top half of Table 3. For the change in?, relative to a null signal, between pre-cleaned
each emission component we also report the effective sectr and cleaned maps. Table 4 gives the values for the full sky and
index derived from the fit:3s(vk,v) for synchrotron emis-  the P06 cut. In both cases the full pixel covariance matrig wa
sion, andfq(v, ) for dust. These results indicate that the used to to computg? for StokesQ andU simultaneously.
spectrum of the component traced by K-band is systematicall For the full sky the number of degrees of freedemis 6144
flattening with increasing frequency, which is unexpectad f  (twice the number of pixels in an r4 map) and outside the
synchrotron emission. This behavior is statistically #fign P06 mask’ = 4534. Note the largé\x? achieved with just a
cant, and is robust to variations in the dust model and thee dat two parameter fit. By comparing the full sky to the Pg8
weighting. We do not have a definitive explanation for this we find that the starlight-based dust template is insufficien
behavior though note that it is expected for correlated syn-in the plane as discussed in 84.1.3. We also see that outside
chrotron and dust emission. the P06 mask, that Q and V bands are the cleanest maps and
To guard against the possibility of subtracting CMB signal, that they are cleaned to similar levels. Sincg'v for Q and
we modified the template model as follows. We take the 4 V bands is so close to unity for the cleaned maps, it is no
synchrotron coefficients in Table 3 and fit them to a spectrumlonger an effective measure of cleaning. Instead, we examin

model of the form the power spectraby ¢ to assess the cleaning, and then test
_ 5 the sensitivity of the cosmological conclusions to clegrig
as(v) = aso- gW) (/)™ +ac, (20) including Ka and W band data.

whereas, s, andac are model parameters that are fit to the
as(v), andg(v) is the conversion from antenna temperature to 5. POWER SPECTRA
thermodynamic temperature at frequemncyThis results in a The Q & U maps are well suited to analyzing foreground
modified set of synchrotron coefficients that are forced ko fo emission, are useful for comparing to other polarization
low a power-law that is largely determined by the Ka and Q- maps, and have straightforward noise properties. However,
band results. Specifically, the modified coefficients aregiv  they are not well suited to quantifying the CMB polariza-
in Table 3. The implied synchrotron spectrunmgis= —3.33. tion anisotropy because their definition is coordinate depe
This results in a 12% reduction in the synchrotron coeffisien dent. TheQ andU maps may be transformed into scalar
at Q-band, and a 33% reduction at V-band. However, becausend pseudo-scalar quantities called E and B modes (Seljak
the K-band template is dominated by &n 2 E-mode signal  1997; Kamionkowski et al. 1997; Zaldarriaga & Seljak 1997).
(see 85.1), this change has a negligible effect on our cosmoE and B are so named because they comprise a curl-free
logical conclusions, which are dominated by E-mode sighal a and divergence-free decomposition of the spin-2 polddnat
¢ > 2. A comparison of selected “before and after” cleaning field, analogous to static electric and magnetic fields. The
maps is shown in Figure 15. problem of separating E and B modes with an unevenly sam-
We also account for the cleaning in the map error bars. pled and cut sky has been considered by a number of authors
Since the K-band data are a combination of synchrotron and(e.g., Tegmark et al. 2000; Lewis et al. 2002; Bunn et al.
CMB emission, subtracting a scaled version of K band from a 2003). In our analysis, we work directly widandU maps to
higher frequency channel also subtracts some CMB signal.produce the E and B angular power spectra. The conventions
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FiGc. 15.— The Ka, Q, V, and W ban@Q Stokes Parameter maps before and after foreground subtrasing the method outlined in §4.3. There is a possible
residual signal in W band though the noise is not yet suffiidow to be certain. Thé&J maps look similar. The cleaning for the cosmological arialygas
done outside the processing cut (Jarosik et al. 2006) andased on the K-band maps and the starlight-based dust templee over-subtracted dark regions
on the galactic plane are inside the processing cut.

follow Appendix A of Kogut et al. (20033° can produce polarization patterns in both the decouplimy an
Fundamental symmetries in the production and growth of reionization epochs. Vector perturbaticdgboth inside and

the polarized signal select the possible configurationgifer  outside the horizon) are redshifted away with the expansfion

CMB polarization. Scalar (density) perturbations to thé-ma the universe, unless there are active sources creatingthe v

ter power spectrum give rise to T and E modes. Tensor perturtor modes, such as topological defects. We do not consider

bations (gravitational waves) give rise to T, E, and B modes

; ; < 0 i ing of E modes.
primarily att 5 200%°. Both scalar and tensor perturbations 21 Vector modes are produced by purely rotational fluid flow. é&ben
the fit of the adiabatic\CDM model toWMAP TT data, the contribution of
such modes is not large (Spergel et al. 2003). However, adiosearch for
them has not been done.

191n this paper we do not use the rotationally invari@iandU’ of Kogut
et al. (2003).

20 At ¢ > 70 primordial B modes are dominated by the gravitationasden
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TABLE 4 whereNg, Ny, andNgy are the elements of the weight arrays
COMPARISON OFy? BETWEEN PRE-CLEANED AND CLEANED provided with the sky map data. Note that the correlation be-
MAPS tweenQ andU within each pixel is accounted for. We refer to
this as ‘Nops Weighting.” From these maps, only cross power
spectra between DAs and years are used. The cross spectra

Band x*/v Pre-cleaned x*/v Cleaned v AX® have the advantage that only signals common to two indepen-
Ka 10.65 1.20 6144 58061 dent maps contribute and there are no noise biases to stubtrac
Q 3.91 1.09 6144 17326 as there are for the auto power spectra. The covariance-matri
\ 1.36 1.19 6144 1045 ces for the variou€, are given in Appendix C.3.

W 1.38 1.58 6144 -1229 For ¢ < 23 we mask and degrade the r9 maps to r4 (see
Ka 2.142 1.096 4534 4743 the last paragraph of Appendix D and Jarosik et al. 2006) so
Q 1.289 1.018 4534 1229 that we may use the full r4 inverse pixel noise mathik?,

\4 1.048 1.016 4534 145 to optimally weight the maps prior to evaluating the pseudo-
w 1.061 1.050 4534 50 C,. This is necessary because the maps have correlated noise

The top half of the table comparg2/v for the full-sky pre-cleaned  thatis significant compared to the faint CMB signal. By™*

map toy2/v for full-sky cleaned map. The bottom half makes a Weighting” the maps, we efficiently suppress modes in the sky
similar comparison for the region outside the P06 mask. that are poorly measured given tHéVAP beam separation

and scan strategy (mostly modes with structure in the eclip-

tic plane). We propagate the full noise errors through to the
these modes here. Fisher matrix of the power spectrum. For the spectrum plots

At the noise levels achievable wit’WMAP , the standard in this section, the errors are based on the diagonal element

cosmological model predicts that only the E mode of the CMB of the covariance matrix which is evaluated in Appendix B.
polarization and its correlation with T will be detected.€Th Figure 16 shows the effect that correlated noise has on the
B-mode polarization signal is expected to be too weak for low ¢ errors in the EE and BB spectra. The curves show the
WMAP to detect, while the correlations of T and E with B is  diagonal elements of the inverse Fisher matrix @herrors)
zero by parity. Thus the TB and EB signals serve as a usefulcomputed in two ways: (1) assuming the noise is uncorre-
null check for systematic effects. The polarization of fore lated in pixel space and describedNMyss (red) and (2) assum-
ground emission is produced by different mechanisms. Fore-ing itis correlated and correctly described®y* (black).The
ground emission can have any mixture of E and B modes, itsmooth rise in both curves toward ldvis due to the effects of
can be circularly polarized (unlike the CMB), and E and B 1/f noise and is most pronounced in the W4 DA, which has

can be correlated with T. the highest 1f noise. The structure in the black trace is pri-
We quantify the CMB polarization anisotropy with t6¢F, marily due to the scan strategy. Note in particular, that xve e
CEE, andCB® angular power spectra, where pect relatively larger error bars @ 2,5,7 in EE and orf = 3
XY X Y in BB. We caution those analyzing maps that to obtain accu-
Ci" = (@mam)- (21) rate results, theN™ weighting must be used when working
Here the {)” denote an ensemble averagg, are the multi- ~ With theZ < 23 power spectraFor the Monte Carlo Markov
poles of the temperature map, aafg}, a8 are related to the Chains (MCMC) and cosmological parameter evaluation, we
spin-2 decomposition of the polarization maps do not use the power spectrum but find the exact likelihood of

the temperature and polarization maps given the cosmalbgic

o ¢ N parameters (Appendix D & Hinshaw et al. 2006).
[Q£UIR =D soamz2Yem(®) (22) For both r4 and r9 maps there are 15 MASTER cross power
£>0 me—¢ spectra (see Table 5). For the full three-year result, we for
via ijzlyi x yj/6 omitting the yIx y1, y2xy2, and y3x y3

(23) auto power spectra. The noise pein the limit of no ce-
lestial signal,N,, is determined from analytical models that

(Zaldarriaga & Seljak 1997). The remaining polarization are informed by full simulations for r9 (including/f noise),
spectrum combinations (TB, EB) have no expected Cosmolog-and from the full map solution for r4.

ical signal because of the statistical isotropy of the ursige
We compute the angular power spectrum after applyingthe 5 1 power Spectrum of Foreground Emission Outside the

—E L iqB
+28ym = Q£ layy,

P06 polarization mask using two methods depending on the P06 Mask.
£ range. All power spectra are initially based on the single- .
year r9Q andU maps (Jarosik et al. 2006). For> 2322, we Figure 17 shows the EE and BB power spectra for the re-

compute the power spectrum following the method outlined 9ion outside the P06 mask, 74.3% of the sky, before any
in Hivon et al. (2002), and Kogut et al. (2003, Appendix A) cleaning. The 15 cross spectra have been frequency aver-
as updated in Hinshaw et al. (2006) and Appendix B.2. Theaged into four groups (Table 5) by weighting with the di-
statistical weight per pixel iSlops/c2 Whereoy is the noise per ~ 2gonal elements of the covariance matrix. Data are simi-
observation (Jarosik et al. 2006; Hinshaw et al. 2006). Herelarly binned over the indicated ranges ©f It is clear that

Nops iS @ 2x2 weight matrix that multiplies the vectd, even on the cut sky the foreground emission is non negligi-
imeach el P @UT fle. In K band, we find(¢ + 1)CEE , /2 = 66 (uK)2 and
No Nou 0(C+1)CBB , o /21 = 48 (uK)?, where! =< 2-6 > denotes

Nops = ( Nou Ny ) ) (24) the weighted average over multipoles two through six. The

emission drops by roughly a factor of 200@a by 61 GHz
22 = 23 = ANgge—1 is the Nyquist limit ore. For some analysis methods ~ resulting in< 0.3 (uK)? for bqth EE and BB. There Is a"win-
(8D) we use HEALPix r3 for whichngige = 2% = 8 dow” betweerY =4 and/ = 8 in the EE where the emission is



20

10.000F

Page et al.

[any
o
o
o

E E V1
(@] L (]
2 1000k g i
a E A 100t
2 0.100¢ 2 :
K2 E R I
L F LL
; 0.10%
g 0.010¢ % 3
) E o [
> F > L
E 0.001 1 1 1 1 1 1 | 1 1 1 1 1 1 S 0.01 1 1 1 1 1 1 | 1 1 1 1 1 1
0O 10 20 300 10 20 30 0 10 20 300 10 20 30
I 1 1 I
T 10000§ = 10000§| Lk R R aaad bid bAA) AAA) nibhd bkl b idad
5 : 5 : w4
& 10.00% & 100.0% 4
a E a) : E
% 1.00¢ % 10.0¢ BE-BB 1
LL F N L
% 0.10[ 8 10}
z g \
> [ > [
E 0.01 1 1 1 1 1 I| 1 1 1 1 1 1 E 0.1 1 1 I
0 10 20 300 10 20 30 0 10 20 300 10 20 30

l 1

FIG. 16.— A comparison of the predicteg} errors with (black) and without

1 I

(red) assuming correlatets@ in the polarization sky maps. On the y-axis is

plotted the diagonal element of the inverse of the Fisherimftr one year of data. The units argK)*. Note that the y-axis scale for each plot is different. In

each panel EE and BB are shown. The variations if\tHeweighting are due to
than there is for E-modes. W4 has the largest doise of all radiometers. One

the scan pattern combined with the skyTtere is less variation for B-modes
can see that the combinatidri fohoise coupled withtVMAP’s scan strategy

leads to a larger uncertainty than one would get from conisiggust the effects of Af noise alone.

comparable to, though larger than, the detector noise. tnfo
tunately, BB foreground emission dominates a fiduci0.3,
7=0.09 model by roughly an order of magnitude/at 30.

30 GHz and’ = 300. Leitch et al. (2005) give an upper bound
of ~ 1 (zK)? for synchrotron emission in this range. As DASI
observes a relatively synchrotron-free region antsditeyond

In general, the power spectrum of the foreground emissionwhere this simple parametrization can be tested, theretia no

scales approximately @'/2 in £(¢ +1)C,.

Figure 18 shows the power spectra as a function of fre-

quency for a few’ bands. The spectrum of the emission fol-
lows that of synchrotron witi oc % with 3s=-2.9 for both

conflict with their results. The same is true for the CBI exper
iment (Readhead et al. 2004) which also observed at 30 GHz
but at a predominantly highérand in a predetermined clean
region of sky.

EE and BB. There is some evidence for another componentat For a more complete model of the power spectra of fore-

v > 60 as seen in the flattening of the EE 2 term. We in-

ground emission, one must take into account the correktion

terpret this as due to dust emission. In the foreground model or anticorrelations between various foreground companent
we explicitly fit to a dust template and detect polarized dust and between the foreground components and the CMB. For

emission. However, there is not yet a sufficiently high signa
to noise ratio to strongly constrain the dust index or arag#t
outside the PO6 mask.

A simple parameterization of the foreground emission out-
side the P06 mask region is given by

U(C+1)C"/ 2 = (Bo(v/65)% + Ba(v /65 %)™, (25)

We have introduced the notatids** = /(¢ +1)C)*/2x to
simplify the expression. The “d” and “s” subscripts stand fo
“dust” and “synchrotron.” From an unweighted fit to all the
raw ¢ < 100 data with the dust index fixed @t = 1.5, we find

for EE Bs = 0.36 (uK)?, 3s=-3.0, By = 1.0 (uK)? andm=
—0.6; and for BBBs=0.30 (uK)?, 3s=-2.8, B4 = 0.50 (uK)?
andm=-0.6. This model is given as an approximate guide.
Its ¢ dependence is shown in Figure 17 for 65 GHz and
its frequency dependence is shown in Figure 18 for/BR2.

example, a reasonable fit to the 2 EE spectrum, which is
dominated by foreground emission, is given by

BEE(v) = ag(vav2)™ + psadsaa(vy*vy® + v} *v5%) + aq(vavz) ™
(26)

where psq is the dust synchrotron correlation coefficient,
andy, are the frequencies of the two spectra that are corre-
lated, thesy and 5s are the dust and synchrotron spectral in-
dices, andv = ,/v115. This fit is shown in Figure 18. After
normalizing the frequency to 65 GHz, the following coeffi-
cients were found to reasonably represent the dgta:0.64,
Bs=-2.9,a4 =0.65, 34 = 1.5, andpsq = 0.46. In order to pro-
duce the KV, KW, and KaW features, there must be significant
correlations between dust and synchrotron emission. feor th
¢ =4 EE spectrum a similar expression fits the datasifis
negative.

Some care is needed in interpreting the statistical signifi-

One can see that this scaling model picks up the generaktrendcance of power spectra that include foreground emission and
but not the details of the foreground emission. For exanitple, a cut sky. The lack of statistical isotropy of the foreground

ignores correlations between dust and synchrotron emissio emission means that it must be treated separately from the
It predicts an average foreground emissiorrol (:K)? at CMB when assessing the net noise. In the presence of fore-
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FiG. 17.— The absolute value of the EE (solid, violet throughegjeand BB (dashed, violet through green) polarization tspdor the region outside the
P06 mask. The best fitCDM model to TT, TE, and EE data with = 0.09 and an additional tensor contribution witks 0.3 is shown in black. The cross
spectra have been combined into frequency bins accordifghie 5 and into the following bins: [2, 3, 4-5, 6-8, 9-15, 16-32, 33-101, 102-251, 2521502
the presence of a dominant synchrotron spectrum, the a&@ger frequency are dominated by contributions from thedt frequencies as can be seen by
comparing the above @t= 2 to Figure 18. Diamonds (EE) and boxes (BB) denote the datdsithat are negative. The points are plotted at theirlateswalue
to limit clutter. They should be interpreted as indicatihg pproximate noise level of the measurement. Thedper bounds and downward arrows mark
points that are positive but consistent with zero. The garrése in the data fof > 100 is due to the large noise term. The red line corresponfsjtation 25
evaluated for = 60 GHz for the BB foreground emission.

grounds, the random uncertainty becomes maps is dilated in the cleaning process as discussed abave. W
2 do not include an addition error for systematic uncertainty
2= 72[N5+2Ngfg] (27) the model. Rather, by comparing spectra of pre-cleaned to
(2£+1)fsky cleaned maps, we estimate that the model removes at least

85% of the synchrotron. This is demonstrated, for example,
in the KKa and KaKa combinations fé= 2 EE in Table 5, in
the subtraction shown in Figure 15, and to a lesser degree by

statistical error. Additionally, with the sky cut there is@ise- the null EB and BB power spectra. We also note that to a good
. E,B E,B .
foreground coupling betweel,™™ and 7, ,, and between approximation foreground emission adds only in quadrature

N;® andF;;. Thisis analogous to the noise coupling shown to CMB emission.
in Appendix C. Figure 19 shows the power spectra of the foreground
., cleaned maps as a function of frequencyfer2-9. It also
5.2. Power Spectrum of Foreground-Cleaned Maps Outside ghqys what we estimate to be the maximum levels of resid-
the P06 Mask ual foreground contamination in the power spectrum. In the
We next discuss the power spectrum after removing thefigure, we plot the synchrotron spectrum scaled to 0.15 of the
foreground emission from thmaps Cleaning foregrounds pre-cleaned Ka band value (in temperature). This shows that
not only changes the mean@f, but it reduces\C, because  there is negligible residual synchrotron from 40 to 60 GHz
of the couplings. The choice of model makes little differenc  with the possible exception df= 2 at 40 GHz. Given the
to the conclusions. For all the following we have subtracted size of the/ = 2 error bar, this potential contribution to the
the best fit KD3Pol andU templates from the Ka through determination of the optical depth is negligible as disedss
W maps (both r4 and r9 versions) as described in Section 4.n Section §6.1. Constraining the residual dust contari@nat
Table 5 shows the EE= 2 and BB/ = 5, the multipoles with  is more difficult. In Figure 19, we also show the MEM tem-
the largest foreground contributions, for both before diteta  perature dust model scaled by 5%, a typical dust polarizatio
the subtraction. Where the foreground signal is dominaet, t value. A similarly scaled FDS model is almost identical. SThi
subtraction can reduce its level by a factor of 6-10 in temper shows that even if we did not model and subtract dust, the
ature. contamination from it would not be large in Q and V bands.
When we fit and subtract the foreground templates, we useA more detailed model might have to take into account the
essentially all of the available data on polarized foregbu  possibility that the electrons and dust grains are in regjain
emission. The error bar on the power spectrum of the cleanedlifferent line of sight distances with different magnetildis

whereF; is the foreground emission at eathWe plot only
the first term in Figures 17 & 18 to indicate the size of the
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F1G. 18.— The frequency spectrum of the EE and BB power spectriaéoregion outside the P06 mask. To increase the signalise natio, multiple values
of ¢ are averaged as indicated. Only statistical errors areshiegative values are not plotted. The frequency band awatibins are given in Table 5. The thin
red line running close to thé= 2 EE spectrum is the model in Equation 26. The dot-dash nedclorresponds to Equation 25 evaluated for BB=aP.

TABLE 5
WMAP EE-; AND BB=5 VALUES FOR/{({+1)C, /2

Cross Bin forf EE;-2 y1-y2 EE=» BBy=s y1-y2 BBy=s EESIcaned BBieaned
GHz (1K)? (1K)? (1K)? (1K)? (1K)? (1K)?
KK 1 228  3066+0.12 381+0.18
KKa 2 27.4 933+ 0.07 00+0.22 149+0.10 06-+0.30 08+0.10 06+0.14
KQ 2 30.5 536+ 0.09 -1.6+0.27 85+0.11 -1.3+0.32 30+0.10 02+0.11
KV 3 37.2 218+0.10 -0.7+0.29 20+0.13 -0.6+0.38 16+0.10 -0.74+0.13
KW 46.2 104+0.13 -38+0.4 014017 -0.3+0.52 -7440.14 -1.94+0.18
KaKa 2 33.0 306+0.13 4.8+0.17 0.7+0.26 -0.14+0.35
KaQ 3 36.6 172+0.09 -0.0+0.27 27+0.11 -0.7+0.32 06+0.15 -0.14+0.18
KaV 4 44.8 82+0.10 02+0.30 07+0.12 02+0.37 01+0.15 -0.24+0.19
Kaw 4 55.5 59-+0.14 06-+0.41 06+0.17 00+0.51 04+0.20 -0.14+0.25
QQ 4 40.7 %+0.17 -0.1+0.67 18+0.17 03+0.68 03+0.23 00+0.24
QV 4 49.7 45+0.12 -0.1+0.37 06+0.13 09-+0.40 -0.14+0.15 00+0.16
QW 4 61.7 3B3+0.17 02+05 074018 -0.1+0.55 01+0.20 02+0.21
Wi 4 60.8 244021 -0.5+0.81 02+0.21 -0.24+0.65 05+0.19 02+0.23
VW 4 75.4 23+0.18 10+ 055 02+0.21 -0.24+0.65 05+0.19 02+0.23
WW 4 93.5 22+0.37 15+1.27 -0.440.44 -0.3+1.48 03+0.38 -0.74+0.45

For v > 40 GHz, the largest foreground signals are &2 of EE and( = 5 of BB. This table shows the “raw” and “cleaned” values. The
column labeled “bin” indicates which cross spectra are deddnto frequency bins. Because K band is used as a foregjtennplate, there
are no foreground corrected values. Also, as there are ondlesK and Ka band polarization channels, it is not posdiblrm cross spectra
of yl1-y2. KW is not used in any of the averages over frequency.

or that variations in the magnetic field could alias powenfro squares fit to a flat line in Figure 19. The results are shown for

low multipoles to higher ones. the QQ+QV+VV (denoted “QV combination”) and QV+KaV
The cross power spectra of the cleaned maps are combinedombinations in EE, we find.0 < PTE< 1 for all ¢ < 16,

by frequency band for testing cosmological models. The 10where PTE is for “Probability to Exceed” and is the probabil-

cross spectra (since K-band is used in the model, there is naty that a random variable drawn from the same distribution

K-band cleaned spectrum) are assesédy ¢ with a least exceeds the measured valueydf When W band is added to
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F1G. 19.— The frequency spectrum of the foreground cleaned EBEB&power spectra outside the P06 mask#er2—-9. Black shows EE, blue shows BB,
and green, cyan, and orange show theyiEEyj spectra (the BB ones are similar). For cosmological amalysily the QQ, QV, and VV frequency channels
are used (indicated by red triangles on the bottom of eacklpafhe dotted black line shows the EE signal for 0.09. The brown line shows the MEM
dust temperature spectrum scaled b§025 to indicate the level of 5% polarization. Averaged aver region outside the P06 mask, this is most likely an
overestimate. The red curve shows the synchrotron specioafed to 0.15 the pre-cleaned K-band temperature valusedBan the foreground model and
discussion in text, it is unlikely that there is a significagsidual foreground contamination in Q and V bands. Notefthveall frequency combinations above
40 GHz (excluding KW), BB is clearly consistent with zergs@indicating the efficacy of the foreground cleaning.
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the mix, we find PTE< 0.03 for ¢ =5,7,9, though all other  the pixel noise is the correct approach. The discrepancy can
values of’ give reasonable values. For BB, all frequency com- be made smaller by eliminating the W1 data simply because
binations yield reasonable PTEs for &ll Thus, there is a the error bars increase. The W1 radiometer has the lowest
residual signal in our power spectra that we do not yet under-noise but also the largest number of “glitches” (13, 4, 1 in
stand. Itis evidentin W band in EE &t= 7 and to a lesser years 1, 2, & 3 respectively, Limon et al. 2003; Hinshaw et al.
degree af =5 and¢ = 9. We see no clear evidence of it any- 2003b). However, since we could not identify any correlatio
where else. between the glitch rate (assuming that unmasked glitchees ar

i i responsible) and the magnitude of the signal, we do not have
5.3. Null Tests and Systematic Checks Outside the P06 Masky pasis for eliminating this channel.

Null tests are critical for assessing the quality of the data  We believe there is an as yet unknown coupling in the W-
We have examined the data in a wide variety of ways basedband data that is driving the signal but more simulations and
on differencing assembly, frequency baddange, and year. more sensitivity are needed to understand it. We cannot rule
We present selected, though typical, results in the foligwi  out similar lower-level problems in other bands, but we see n
A particularly important test is the null measurement of the evidence of systematic effects in BB, EB, or other values of
BB, TB, and EB signals as shown in Table 6 and Figure 20. ¢ and other frequencies in EE. To avoid biasing the result by
These data combinations are derived from the same procesghis residual artifact which also possibly masks some urrmod
ing as the EE, TE, and TT combinations, where a signal is eled dust and synchrotron contamination, we limit the cosmo
detected. Thus, the null result highlights the stabilitytioeé logical analysis to the QV combination. We also show that
WMAP data, the mapmaking, the foreground cleaning, and including W band EE does not alter our conclusions.
the power spectrum estimation. .

The power spectrum of the difference of the individual 5.4. Analysis of Foreground-Cleaned Power Spectra
yearly maps is another significant test. Table 7 shows the re- Outside the P06 Mask.
sults for all the yearly differences fdr= 2—-16, the critical A comparison of the raw spectra and foreground cleaned
region of¢-space for the cosmological analysis. We have also spectra is shown in Figure 21. We start with the weighted
used the (yk yl+y2 x y2-yl x y2-y2 x y1)/4 cross spec-  sum of the 8 cross spectra with> 40 GHz (without KW).
tra to similar effect. This combination is equivalent torfer This is the upper-level line (green) in the figure. The indi-
ing the power spectrum of the difference between y1 and y2vidual maps are then cleaned and the power spectra remade
maps. In principle it does not contain any signal. The cross-and coadded. This is shown in violet. Similar comparisons
spectrum method treats the noise in a slightly different way are repeated for the QVW and QV combinations. A simple
from the straight map method, where one must use the errowvisual inspection shows that even at #sewith the highest
bars from one of the maps. It has been checked with simula-foreground contamination, the cleaning is effective.
tions. Similar combinations are used for the other years. From the bottom left panel in Figure 21 one sees that there

Using a variant of cross-spectrum method, we have alsois a clear signal above the noise in EE/at. 7. For the
tested combinations of DAs for multiple ranges/invithin QV combinationB5E , . =0.086+0.029 (uK)% The sig-
each frequency band. For all null tests, we find the ex- nal has persisted through a number of different analyses. We
pected null measurements, apart from the previously men-cannot rule out that this signal might find explanation in an
tioned residuals at = 5&7 in W band. Table 6 gives the re- unmodeled foreground component; however, we find this ex-
ducedy? for all combinations of T, E, and B data for anumber planation unlikely since the emission would have to be strik
of data combinations. ingly different from the measured spatial and frequency-cha

From Figure 19, it is clear that the large signal in W band acteristics of the polarized foreground emission. Additio
is not residual dust contamination because the dust would noally, when different bands are coadded, the signal level is
fit measurements in VW. Additionally, if one assumes that the consistent: for QVWBEE , = 0.098+ 0.022 (1K)? and
polarized emission at a particuléis a fraction times the in-  for all channels withf > 40 GHz except KWBEE , . =

tensity at the samé, it would require> 40% dust polariza- 0,095+ 0.019 (uK)2. We have searched for systematic effects
tion, which is unreasonable. Though this simple picturesdoe i, the EEf = 2-8 range and have not been able to identify
not take into account the aliasing of intensity from a lower any, other than the one discussed above. We cannot find a
¢, we do not observe a similar effect with the synchrotron mgre plausible explanation than that the signal is in the sky
emission, which in the simplest case is polarized by the samewe are thus led to interpret it cosmologically. This is dame i
magnetic fields. Thg W-band E_E= 7 value is essentially  the next section.
unchanged by cleaning, removing a°l@dius around the We show the EE signal fof > 20 in Table 8 and in Fig-
Galactic caps, or by additionally maskiag.0° in the ecliptic  yre 22 along with a comparison to other recent measurements
plane. ] ) , , (Leitch et al. 2005; Sievers et al. 2005; Barkats et al. 2005;
A number of tests have been done to identify this artifact of Montroy et al. 2005). Based on the best fit to the TT spectra,

the data. We are not yet certain if it is due to an ersatz signal,, o produce a template for the predicted EE spect@fﬁf
or an incorrect noise term. The error bars on the individual and form:

year differences are too large to clearly see if the effetttés 800

same from year to year. Simulations show thét alone can- Y2(AEE) = Z 5C,QF6C, (28)
not explain the signal. The scan pattern in combination with
the change in polarization is directly related to the langere EE  AEE~EET nEE : , .
bars at’ = 5,7,9 and is well understood. We have not identi- WheredC, = C;=-A==C;/~", A== is the fit amplitude, and
fied a mechanism that leads to a further increase in these unQEF is the diagonal Fisher matrix in Appendix C.3. Off diag-
certainties. We know that different treatments of the ndise ~ onal elements iQ5F have a negligible effect on the results.
example usindNops Weighting, decreases the magnitude of the  The results of the fit are plotted in Figure 23 for various fre-
discrepancy, though we are confident thatithétreatmentof ~ quency combinations. We pldty? from the minimum value

£=50
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FiG. 20.— Plots of all the noise for the expected null combinsiof TB, EB, BB for the region outside the P06 mask. For T thedgmund-cleaned V and
W bands have been combined bands. For E and B, the foregaiemaed Q and V bands have been combined. Cosmic varianoelusléd for all plots. For
each plot there are 990values that have been averaged into 33 bins for TB and 12 birSB and BB. For TBx?/v = 416/33 andx?/v = 931/999 with
correspondindPTE = 0.15 and 094 for the two binnings. For EBy?/v = 7.5/12 andx?/v = 956/999 with correspondingTE = 0.82 and 084. For BB,

x%/v =6.2/12 andy?/v = 1000/999 with correspondin@T E = 0.91 and 049. The polarization maps have been cleaned as describetiio$§4.3. See also
Table 6.

and find thatAFE = 0.954 0.35 for the pre-cleaned QVW based on the temperature maps at greater tharvthev@| for
combination, where the uncertainty is determined from the the QVW and KaQVW combinations.

bounds atAx? = 1. The reduced? at the minima are 1.34, Figure 24 (left panel) shows the TE spectrum fot 16.
1.34, 1.24, and 1.30 for QV, VW, QVW, and KaQVW com- We use V band for temperature and the QV combination for
binations respectively, most likely indicating residuatd- polarization. Several aspects of the new processing lemt-to i
ground contamination. At a relative amplitude of zeto,? = creased errors and a reduced lésignal estimate relative to

1.0, 3.3, 6.2, & 16 respectively for the same frequency com- the first-year result (Figure 8, Kogut et al. 2003). These in-
binations. Itis clear that the noise is not yet low enougls® u  clude: improvements in mapmaking and power spectrum es-
just QV as was done at low multipoles. In addition, cleaning timation (especially accounting for correlated noise apd a
the maps with the KD3Pol is problematic because the K-bandplying N™* weighting); limiting the bands to just Q and V
window function is reduced to 0.1 ly= 250. When the same instead of Ka-W,; increasing the cut from KPO to P06; and im-
code is used to analyze EB and BB data, the fitted amplitudeprovements in foreground modeling, including a new esémat
is always consistent with zero. To summarize, WMAP of dust polarization. Recall also that the first-year resas

EE data are consistent with a model of adiabatic fluctuationsbased on the combinations of Ka, Q, V, and W bands and did
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TABLE 6
x?/v FORTE, TE (2003), TB, EE, BBAND EB

r4? roPf r9 r9
|=2-16 (#=15dof) 1=17-100 ¢ =84 dof)  1=17-500 (=484 dof) | =17-800 (v = 784 dof)
TES®9 0.31 (0.99§ 1.01 (0.46) 1.20(<0.01) 1.08(0.06)
TE (2003} 1.88 (0.03) 1.18 (0.25) 2.06 (0)

TBSY 0.57 (0.90) 0.72 (0.97) 0.97 (0.70) 0.97 (0.74)
EE° 1.34(0.17) 1.06 (0.33) 0.98 (0.59) 0.96 (0.76)
BBC 0.72 (0.77) 1.28 (0.04) 0.96 (0.73) 0.95 (0.81)
EB° 0.41 (0.98) 1.21 (0.09) 1.03 (0.34) 0.96 (0.76)

Notes for all entries,x?/v is computed for the null modeC{™™ = 0). a) r4 HEALPix maps are used fdr< 32. We limit this tof < 17 to
avoid pixel window effectsb) r9 HEALPix maps are used for 18 ¢ < 800. c) For all results a model of the foreground emission has been
removed.d) TE (2003) corresponds to Kogut et al. (2008)The numbers in parentheses are the PTBs-or ¢ > 16, we use the binned
diagonal elements of the covariance matrices in Append @). For TE and TB, the E and B are comprised of a combination of @\An
bands and the T is from V and W bands.

TABLE 7
X?/v FOR R4 YEARLY DIFFERENCENULL MAPS

yri-yrz yr2 - yrs yri - yrs
| =2-16 (v =15 dof) | =2-16 (v =15 dof) | =2-16 (v =15 dof)
TE 1.70 (0.04) 1.05 (0.40) 1.87 (0.02)
TB 1.95 (0.02) 1.20 (0.26) 1.08 (0.37)
EE 1.55 (0.08) 0.89 (0.58) 0.55 (0.91)
BB 0.56 (0.90) 1.50 (0.09) 0.76 (0.72)
EB 0.62 (0.86) 1.04 (0.41) 0.84 (0.63)

Notes for all entriesy?/v is computed for the null model;™* = 0.

not include a dust polarization template in contrastto v n  We show the combination that uses V and W bands for T
prescription. Furthermore, if the year-two data are preegs and Q and V bands for E. The result, shown in Figure 23,
in the same way as the first-year data, we obtain a spectrunis ATE = 0.934+0.12 andA¢ = 0+ 8 with x?/v = 468/482
similar to that in Kogut et al. (2003) indicating that the mraj (PTE=0.66). Similar results are obtained with other band
difference between first-year and three-year results m@sts combinations. Thus the TE data are consistent with the TT
new knowledge of how to make and clean polarization maps.data to within the limits of measurement.

The new spectrum is fully consistent with the first-year re-  Figure 25 shows a summary of the various components of
sults and prefers a model based just on TT and EE data to dhe CMB anisotropy.

null signal at the 2 level. However, the new spectrum is also

consistent with the absence of a TE signal. Thus, it will take 6. COSMOLOGICAL ANALYSIS
greater signal-to-noise to clearly identify the TE signathw The/ < 100 region of the CMB polarization spectra is rich
our new analysis methods. with new tests of cosmology. The EE spectrum gives us a

Figure 24 (right panel) shows the TE signal over the full new measure of the optical depth. The same free electrons
range in¢. Other detections of TE at > 100 have been from reionization that lead to thie< 10 EE signal act as test
reported by DASI (Do) (Leitch et al. 2005), Boomerang particles that scatter the quadrupolar temperature aojspt
(3.50) (Piacentini et al. 2005), and CBI.@&) (Sievers etal.  produced by gravitational waves (tensor modes) origigatin
2005). TheWMAP data have had foreground models sub- at the birth of the universe. The scatter results in polédna
tracted from both the temperature and polarization maps pri B modes. Tensor modes also affect the TT spectrum in this
to forming the cross correlation. The expected anticoticia  region. A combination of these and related observatiorgslea
between the polarization and temperature is clearly eviden to direct tests of models of inflation.

To quantify the consistency with the TT data we make a TE  The detection of the TE anticorrelation néae 30 is a fun-
template based on the model fit to TT. Next, a fit is made to damental measurement of the physics of the formation of cos-
the TE data for 26< ¢ < 500 with the following: mological perturbations (Peiris et al. 2003). It requiress
2(ATE - TESC,, mechanism like inflation to produce and shows that superhori
XA AD Zéc@Q“/écé (29) zon fluctuations must exist. Turok (1996) showed that with
 ATE_ ATERTET TET ) . enough free parameters one could in principle make a model
wheredC, =C,=-A"=C, = (Al), G = (Al) is the predicted  pased on post-inflation causal physics that reproducedthe T
power spectrum shifted bx/, ATE is the fit amplitude, and  spectrum. Spergel & Zaldarriaga (1997) show that the TE
Q/¢ is the diagonal Fisher matrix in Appendix C.3. Off di- anticorrelation is characteristic of models with supeimr
agonal elements iQ.F have a negligible effect on the re- fluctuations. The reason is that the anticorrelation is otese
sults. Similar 2D fits were done in Readhead et al. (2004).on angular scales larger than the acoustic horizon at decou-

o
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FiG. 21.—Top: The EE and BB power spectra outside the PO6 mask before ardhpftlying the KD3Pol foreground model. Different colonew different
frequency combinations. Negative values are possiblealasticorrelations between foreground components, andessar degree, from the coupling between
different values of!. Only statistical uncertainties are shown. For EE, the dmbiack lines are the best fit model to the TT, TE, and EE datse dosmic
variance uncertainty is indicated by the dashed lines. Thedfies at = 2 are 5.8, 4.5, & 5.5:K? for £>40 (no KW), QVW, and QV combinations respectively.
To clean these to a level of 04K? requires cleaning the Stok€sandU maps to one part in eight. The BB foreground emission is gdiydess than half the
EE emissionBottom: Expanded plots of the QV data for the P06 cut. The models are £00.09 andr = 0.3.

TABLE 8

BINNED DATA FOR BEE /£ FOR( > 20

30</<50  51</¢<150 151</<250 251</ <350 351<¢<450 451</<650 651</¢<1023

Qv 0.010+0.007 Q011+0.005 -0.001+0.012 -0.003+0.026 —0.014+4+0.058 016+0.12 -0.73+£0.66

VW 0.013+£0.011 0004+0.004 Q0174+0.009 Q027+0.018 0031+0.037 Q095+ 0.065 013+0.22

Qvw 0.013+0.006 Q004+0.004 Q017+£0.009 Q027+0.018 0031+0.037 Q095+ 0.065 013+0.22

KaQvW 0016+0.004 0011+£0.003 Q012+0.007 0020+0.016 0065+£0.035 Q097+ 0.064 012+0.22
Qv? 0.005+0.009 Q018+0.007
Vw2 0.013+0.011 Q001+ 0.008
QVW?*  0.012+0.007 Q006+ 0.005
KaQVW* 0.005+0.005 Q020+ 0.004

All entries have units of(K)2. The top set is for combinations of the pre-cleaned data.pRawariance is not included. The bottom set is for
data cleaned with the KD3Pol model. Note that the cleanirgjittée affect on the 5K ¢ < 150 bin other than to increase the uncertainty.

pling. Thus, the observed velocity-density correlatioms i

plied by the TE data must have existed on scales larger than



28 Page et al.

0.15 \ [ \
. WMAP lll ,
L DASIO5 ,
0.10 — _|
= m -
fo . BO3 X i
2
. .
s L N i
% - A ]

0.00

_0.05 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1

200 400 600 800 1000 1200 1400
Multipole (£)

FIG. 22.— The EE spectrum &t> 40 for all measurements of the CMB polarization. The cunihésbest fit EE spectrum. Note that the y axis has only one
power of¢. The black boxes are tH&/MAP data; the triangles are the BOOMERanG data; the squarebaf®AS| data; the diamonds are the CBI data; and
the asterisk is the CAPMAP data. TREVAP data are the QVW combination. For the first point, the clearsdde is used. For other values, the raw values are
used. The data are given in Table 8

the horizon and were not produced by post-inflation causal The distinctive signature of reionization isfat 10 in EE.
processes. The only known contamination is from foreground emission

Although multiple distinct physical mechanisms affect the which has been modeled and subtracted. The amplitude of
¢ < 100 spectra, their effects can be disentangled through arthe reionization signal is proportional toin TE and is pro-
analysis of the full data complement (Spergel et al. 2006 T  portional tor? in EE and BB. In the first year analysis, we
separation, though, is not perfect and there remain degener imposed a prior that < 0.3 (Spergel et al. 2003). Such a
cies. In particular, to some degree, the values of the scalathigh value would produce a signal 6 times the model in
spectral indexns, optical depth, and the tensor to scalar ratio, Figure 21 and is clearly inconsistent with the EE data. Thus
r, may be traded against each other, although far less than irthis new analysis is a significant improvement over the previ
the first-yeaMWWMAP results. As the data improve, or as more ously assumed prior.
data sets are added, the degeneracy is broken further. In the We assess using three methods: (1) with template fits to
following we take a step back from the full MCMC analysis the EE power spectra; (2) with an exact likelihood technique
(Spergel et al. 2006) and estimateandr from analyses of  based directly on the maps as described in Appendix D; and
just the¢ < 10 polarization spectra. This approach aids our (3) with a multiparameter MCMC fit to all the data as reported
intuition in understanding what it is in the data that conisis in Spergel et al. (2006). The first method is based directly on
the cosmological parameters. the MASTER spectrum (Hivon et al. 2002, and Appendix B)
: C of EE data and serves as a simple check of the other two. Ad-

6.1. The Optical Depth of Reionization ditionally, the simplicity allows us to examine the robwesta

Our knowledge of the optical depth ripples through the as- of the EE and TE detections to cuts of the data. The second
sessment of all the cosmic parameters. Free electronsiscatt method is robust and takes into account the phases of the EE
the CMB photons thereby reducing the amplitude of the CMB and TE signals. It is run either as a stand alone method, as
spectrum. This in turn directly impacts the determinatién o reported here, or as part of the full MCMC chain as reported
other parameters.
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Fic. 23.—Left: Lines of Ax2 for the fit given in Equation 28 vsAEE. The different colors correspond to different frequencynbnations. If the EE
prediction from the TT measurements describes the EE memasmts, then the minimum would beA&E = 1. The line atAx?2 = 1 corresponds to theslerror.
One can see that thie> 50 EE data are consistent with the modright: The amplitude and phase of the TE measurement with respée tnodel predicted
by the TT data. If the TE were completely predicted by the rhbdsed on TT, the contours would be consistent Witf, A¢TE = (1,0). Itis clear that the TT
model describes the TE data as well. The redug&ébr the best fit model is 0.67. To convel? to a phase angle in degrees, multiply by 1.18.

6 I I I
: Raw Uniform T x Raw Ninv P : 200 T 1
L Clean Uniform T x Clean Ninv P ] r 1
. Kogut et al. Fig 8 Cleaned (Year 1) 150 r 7
I 100} 1
o~ r 3 L ]
X ~—
2 2r [ ]
. F ~ IS 50 B
~N L [Q\ 8 VAR 4
S ~ SN
[8) o , N
i g ° /1
. & -s0} 2 .
2 —100F .
: i *W5O:Hm"mm‘mm"mm‘m"mm\mmm\mmmHum‘:
—4 ! ! !
0 5 10 s 20 100 200 BOQ 400 500 600 700
Multipole Multipole (£)

FiG. 24.— The TE power spectra for high and léwanges for the region outside the P06 mask in EE and outsédi€®2 mask for TTLeft: At low ¢ we use
the QV combination for polarization with full=* weighting, and for temperature we use V band with uniformghtihg. The black data points correspond to
spectrum made with the KD3Pol cleaned polarization magsbthe correspond to the same spectrum but without cleattied € 2 point is at 178+ 3.4 uK),
and the brown are from Kogut et al. (2003). The black dasmedisi the best fit model to all tH& MAP data. For the first-year datgs = 35.3 for £ = 2—10 with
a correspondin®TE = 0. For the three-year datg” = 9.4 for £ = 2—10 evaluated relative to a null signal. The correspondiide is 0.4. When the three-year
data are evaluated with respect to the best-fit mogfek 5.4 with a corresponding@T E = 0.79. We find that the data sets are consistent with each otllethah
the three-year data prefer the= 0.09 model over the null signal at therZAchi? = 4) level. However, the three-year data are also consistgnta null signal.
Right: The black data points show the three-year TE spectrum. Tleedata points are from Kogut et al. (2003). The smooth dashee is the best fit model
to the WMAP data. An additional zero crossing near 400 is now present.

in Spergel et al. (2006). The best estimate of the opticaidep B].,,,= 5589uK2. We then form:
comes from the full chains.
For the template fitsACDM power spectra were gener-

ated for 0O< 7 < 0.3, with the remaining parameters fixed to 1

ns = 0.96, wp = 0.0226,w, = 0.133, andh = 0.72. For each L(7) = expl- % - <MD 1(x, — & /2

spectrum, the scalar amplitudeis fixed by requiring that ® (2m)ny/detD) L ;( ¢ =%)D (X =x)/2]
(30)

wherex; is the data as shown in Figure & = BEE(7) is the
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FiG. 25.— Plots of signal for TT (black), TE (red), EE (green) tbe best fit model. The dashed line for TE indicates areastafcarelation. The cosmic
variance is shown as a light swath around each model. It igebiin¢ in the same way as the data. Thus, its variations reflectiti@ms betweer? bin sizes. All
error bars include the signal times noise term. Tla¢ which each point is plotted is found from the weighted mefaihe data comprising the bin. This is most
conspicuous for EE where the data are divided into bins6f2< 5, 6 < ¢ < 49, 50< £ < 199, and 206< £ < 799. The lowest point shows the cleaned QV
data, the next shows the cleaned QVW data, and the last twotblegore-cleaned QVW data. There is possibly residual forggd contamination in the second
point because our model is not so effective in this range smudsed in the text. For BB (blue dots), we show a model mitt®.3. It is dotted to indicate that
at this timeWMAP only limits the signal. We show thes1limit of 0.17 uK for the weighted average &f=2-10. The BB lensing signal is shown as a blue
dashed line. The foreground model (Equation 25) for syrtobingplus dust emission is shown as straight dashed lingsgriten for EE and blue for BB. Both
are evaluated at = 65 GHz. Recall that this is an average level and does not asig#hthels where the emission is low.

modelACDM spectrum, from the QV combinations increases slightly. This is an-
2 1 —_— EEw other indication that foreground emission is not biasing th
D, = meT@)z(Be (7)+N;) (31)  result. Additionally, one can see that removitrg 5, 7 for all
sky

band combinations does not greatly affect
as in C.14, antEE is the uncertainty shown in Figure 21 and  The optimal method for computing the optical depth is with
is derived from the MASTER spectrum determination. We the exact likelihood (as in Appendix D). The primary benefits
use the symbof in this context because the likelihood func- are: it makes no assumptions about the distributioG,oft
tion we obtain is not the full likelihood for. Uncertainties  each? but does assume that the polarization signal and noise
in other parameters, especiafly, have been ignored and the in the maps are normally distributed; it works directly ingi
C, distribution is taken to be Gaussian. Thi§) does not  space, taking advantage of the phase relations between the T
give a good estimate of the uncertainty. Its primary use is asand E modes both together and separately; and it is unbiased.
a simple parametrization of the datd(7) is plotted in Fig- The only disadvantages are that it is computationally isiten
ure 26 for the QV combination. We call this method “simple and that it is not easy to excise individual value< sfich as
tau.” Table 9 shows that simple tau is stable with data selec-¢=5, 7. Table 9 shows that similar valesofre obtained for a
tion. One can also see that if the QQ component is removed
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wide variety of band combinations. This is another indmati  16(1-ns)/3 = 0.27-0.32 for Ne = 60—50. Here,N; is the
that foreground emission is not significant. We conserefitiv. - number of e-foldings before the end of inflation. However,
select the QV combination. Figure 26 and Table 9 comparesome variants produae> 0.32 (e.g. Mukhanov & Vikman
the exact likelihood for the EE QV combination to the simple 2005) while many other hawe< 0.1.

tau method. One can see that simple tau is slightly biaséd hig  For the best fitWMAPonly ACDM plus tensor model, the
when compared to the exact likelihood and underestimages th optical depth isr = 0.091. If we add to this model a ten-
likelihood at7 = 0. One source of the bias is the assumption sor component witlr = 0.3, thenB22 , o = 0.001uK?% A

of a Gaussian likelihood. Nevertheless, it is reassurig th simple average of th€§B data givesB§f<2_6> = -0.044+
a variety of combinations of data give consistent values.of 030pK2, BBB, . = -0.018+ 0.023.K2, BBB, . =
) . B2, ) ) . Bie o

The values given here are just for the EE and TE data consid
ered alone, with the first peak TT amplitude fixed. When the
exact likelihood is used in the full MCMC analysis (Spergel
etal. 2006) yielding the best estimate, we find 0.0883.9¢,
slightly lower than the values reported here but with theesam : : - BB
uncertainty, indicating that the simple analysis has esteal BQN s con\s/\t/r_a;:rrhby %'reCﬂg ff'f[t'.n.g a(;_empllate ml:l tr? tgg
most of the information on the optical depth contained in the ata. With the a ove de inition, |rec_ty sca %St €
polarization data. power spectrum. Additionally, the amplitude ©f& for ¢ <
o 16 scales as?. We set the template to be the standa@DM
6.2. Gravitational Waves model (Spergel et al. 2006) and use the single field inflation

The CE8 spectrum directly probes the primordial gravita- Cconsistency relatiom; =-r/8, to fix the tensor spectral index.
tional wave background produced by tensor fluctuations in Ve assume the spectral index does not run andsse0.96.
the early universe. The existence of these gravitationaésa Ve distinguish the in the template fit by the notation. The
was proposed by Starobinsky (1979). Modern treatments maysum is over 2< £ < 11. o
be found in, for example, Liddle & Lyth (2000); Dodelson ~ The results of the fit are plotted in Figure 27. When we
(2003); Mukhanov (2005). While scalar and tensor fluctua- consider just the limit o from the polarization spectra, ig-
tions both contribute to the TT and EE spectra, only tensorsnoring the tensor contribution to TT, we firfd< 2.2 (95%
produce B modes. Inflation models generally predict similar CL) after marginalizing ovef. It is clear that the BB spec-
scalar spectra, but differ in their prediction of the tensmm- trum is not driving the limit orr. After including the TT data,
ponent. For example, ekpyrotic/cyclic models (Khoury et al the limit drops tor < 0.27 (95% CL). This shows that the

2002; Steinhardt & Turok 2002) predict no observable tensor TT data in combination with the limits onfrom EE and TE
modes. are leading to the limit on. The full MCMC analysis gives

The tensor contribution is quantified with the tensor to I < 0.55 (95% CL) with just thd//MAP data. The increase
scalar ratior. We follow the convention in the CAMB code In the error over the simple method given above is the result
(Lewis et al. 2000, Version, June 2004), in CMBFAST v4.5.1 of the marginalization over the other parameters, pasityil
(Seljak & Zaldarriaga 1996) and in Peiris et al. (2003); \éerd Ns. Additionally, whenns is allowed to depend ok the error

0.00340.0201:K?, for QV, QVW, andv > 40 GHz (no KW)
combinations respectively. To detect a signal at the upper
range of the predictions would require maps wittb times
smaller error bars.

etal. (2003): in r increases dramatically, allowing< 1.3 (95% CL).
A2(Ko) We can relate to the current energy density in primordial
r=- ko)’ (32)  gravitational radiation (Krauss & White 1992; Peiris 2003)
R
Here, A% and A? are the variance due to scalar and tensor Qgw = 1 %Az(k)'l‘z(k ) (35)
R —h . 12H2 K h 1)
modes respectively. They are defined through 0
R2) = dkAz K 33 wherer is conformal time and the transfer functiongk, n),
(R%) = Kk =K (33) is given in Equation E18. The approximation given in Equa-
S tion E31 evaluated foA = 0.838 andf < 2.2 yieldsQew <
and <hi’}”mhp”m~” ) :/d—kkAﬁ(k), (34) 9.6 x 1012 (95% CL) and forr < 0.55, Qgw < 2.0 x 10712

_ (95% CL).

whereh"™™ is the primordial tensor metric perturbation in
real space that Was(%enerated during inflation and stretched 7. DISCUSSION AND CONCLUSIONS
to outside the horizan. Peiris et al. (2003) shows the WMAP detects significant levels of polarized foreground
dependence of these expressions. emission over much of the sky. The minimum in contami-

The expression for is evaluated ak, = 0.002 Mpc? cor- nation is near 60 GHz outside the PO6 mask. To detect the
responding td ~ nok = 30 with the distance to the decoupling polarization in the CMB af < 10 a model of the foreground
surfaceng ~ 14,400 Mpc. Following Verde et al. (2003), we emission must be subtracted from the data. This situatien di
useAZ (ko) = 2 x 10*72A(Ko) /9T & 2.95x 107°A(ko) with To fers from that of the analysis of the temperature anisotropy
in microkelvins. Some of the simple models of inflation in a for which the foreground emission may be simply masked as
ACDM cosmology prediat ~ 0.3 (e.g., Liddle & Lyth 2000;  a first approximatiort*
Boyle et al. 2005). For example, near this range inflation- WMAP has detected the primary temperature anisotropy,

ary models with a massive scalar fie\d(¢) = mP¢?/2, pre- the temperature polarization cross correlation, and the E-
dictr =8/Ne=4(1-ns) =0.13-0.16 (Linde 1983) and mod- mode polarization of the CMB. We detect the optical depth
els with a self couplingy/(¢) = A¢*/4, predictr = 16/Ne = with 7 =0.088'3.28in a full fit to all WMAP data. This result

is supported by stand-alone analyses of the polarizatitm da
23 Note that our convention yields= 16 for slow-roll inflationary models
with a single scalar field. Here,is the slow roll parameter related to the 24 Of course our full analysis (Hinshaw et al. 2003b) involvedeasive
square of the slope of the inflaton potential. modeling of the foregrounds (Bennett et al. 2003b).
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TABLE 9

OPTICAL DEPTH vS. DATA SELECTION

Combination Exact EE Only Exact EE & TE Simple tau EE Simple o/ =5,7
KaQV 0.111+0.022 Q111+ 0.022 e e
Q 0.100+ 0.044 Q082+ 0.043 Q08+ 0.03 0085+ 0.03
Qv 0.100-0.029 0092+ 0.029 Q110+ 0.027 0085t§;§3§
QV+VWV e e 0.145+0.03 014%);(SJ36
\Y 0.089+0.048 Q094+ 0.043 Q097353 0.10'55
QvW 0.11040.021 Q101+ 0.023 Q090+ 0.012 Q090+ 0.015
KaQVvWwW 0.107+0.018 Q106+ 0.019 Q095+ 0.015 Q095+ 0.015

The values of simple tau are computed foxZ < 11. The models are computed in stepsiaf = 0.005 and linearly interpolated. The last
column is computed with the errors ér= 5,7 multiplied by ten. The QV+VV is the QV combination witholitet QQ component. Since the
exact likelihood is based on the Ka, Q, V, and W maps, there isonresponding entry for QV+VV. Note that the maximum likebd values
are independent of frequency combination indicating thegdround emission is not biasing the determination.of

Using primarily the TT spectrum, along with the optical dept
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FiG. 26.— The relative likelihoods df, 7 from the stand alone exact likelihood code, and the first-yesults. For the three-year results, all parameters éxcep
7 and the scalar normalizatio, were held fixed as described in the text. The solid curves{@ah“WMAP 3-years”) shows the exact likelihood for the QV
combination and the combined EE & TE data. The dot-dash Ievs the exact likelihood for the QV combination but just Ef. Note that the three-year
TE data has little influence on determination7of The dotted line shows the exact likelihood for the KaQVW bamation indicating that any foreground
contamination is small. The dashed line is simple tau folQhecombination. The two curves that peak at higher values afe from Spergel et al. (2003) and
show the first-year likelihood for th&/MAP data alone and fo'WMAP in combination with other data sets. The darker grey baneléah'68% CL'shows the
result reported in Kogut et al. (2003) as a meam of0.17 and widtho = 0.04.

0.30

tio is limited torg o2 < 0.55 (95% CL). When the large scale

established with the TE and EE spectra, the tensorto sealar r structure power spectrum is added to the mix (Spergel et al.
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FIG. 27.— The two dimensional likelihood as a functionofindf for the BB spectrum. The contours indicate &and Zr. Thens parameter, which is
degenerate withr andr, has been set at = 0.96. For the lightest contours, the tensor contribution toTH, and EE is ignored. Becausss fully degenerate
with r when the data are restricted to just BB, the limit is poor. ®renge contours show the result when the TE and EE contisitire included, breaking
ther —7 degeneracy. The bluish contours show the result of inciudihdata. The limit or is more restrictive than in Spergel et al. (2006) becayss fixed.
When we marginalize ovef, the 95% upper limits ofi are 4.5, 2.2, and 0.27 for the three cases respectively. [bhelpws that/MAP’s ability to constrain
r does not yet come from the BB data. The plot also showsWHdAP’s ability to limit r depends critically orr.

2006), the limit tightens t0p,002 < 0:28 (95% CL). These_ val- _ 8. ACKNOWLEDGMENTS
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APPENDIX
A. RADIOMETER MODEL

In this section we develop a simple model for AAP instrument using Jones matrices (Jones 1941; Montgomealy et
1948; Blum 1959; Faris 1967; Sault et al. 1996; Tinberger61 8 et al. 2003). In the following we assume that all circuit
elements are matched and ignore additive noise terms.

The Jones matrid models the instrumental response to polarization,

Eout = JEin (A1)

linearly relating the output electric field to the input. W¥RAs a differential instrument, so the input radiation ve&ig has four
elements, &g, E), EZ, EP), corresponding to the electric field seen by the A- and B-fietd pair. The output,, are the inputs
to the detectors.

The first link in the chain is to model the optics, feeds, artl@amode transducers (OMTs). We consider them as a sindie uni
because ascribing effects to the individual componentifisudt and not well defined in terms of observations. We ud# two
effects, loss imbalance and polarization Ieakage:

OFO Ioss‘]crosspol (A2)
LAB 0
o= ( 0 L)A/\.,B) (A3)
1 XPBgM®
Jcrosspol_ <_Xé-\.Be_iY2AB 1 1 (A4)

Here LQSI/B is the loss for the particular polarization aﬁﬁ‘ZB quantifies the level of cross-polarization (or polarizatisolation)

leakage, which we model as a small rotation error. The maﬁfgspolis the first term in the expansion of a general unitary matrix
but is not unitary itself. The subscripts “1” and “2” referttze two orthogonally polarized radiometers which are déffeced to
form Ap. The matrimgfsspolis the first term in the expansion of a general unitary matiiaugh it is not unitary itself. The cross-

polarization terms are allowed to have arbitrary phé\@ég% It is possible for cross polarization to produce circulalgpization
but WMAPcannot detect it in\; or Ap. While in general there are four loss terms, two of them alibreded out. The two that
remain are the radiometer loss imbalanegg: andxm 2. Jarosik et al. (2003b, Table 3) measured the loss mbaﬁatqp&ttmg
the response to the common mode CMB dipole signal, and fdwerd to be< 1%. The mean imbalancg, = (Xim1+Xim2)/2, is
corrected for by the map-making algorithm, while the “indrade in the |mbalance6x.m (Xim,1 =%im2)/2, is not (Hlnshaw etal.
2003a, §C.3). To connect the different notatiors= L1(1+Xm1), L = La(1+Xim2), LY = La(1~Xim2), andLy = L1 (1= Xim,1).
Thel; andL, are calibrated out.

The next step is to model the radiometers. They are desaritmtail in Jarosik et al. (2003a), so we simply present tmeg
representation of the radiometer and refer the reader tpaper for more details.

Jradiometer: JwarmTszitchJamp]coldT (A5)
1 /11
JCOldT: ﬁ <1_1) (A6)
0
\]ampz (%Sgd) (A7)

10
Jswitch= (O go ) (A8)
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1 /11
JwarmT= ﬁ <1_1) (A9)

Here,gs,gq are the amplifier gains in the two legs of the radiometer, amglthe instantaneous phase of the (unjammed) phase
switch. We have lumped the warm and cold amplifiers together.

Jpa = JbandpasgradiometeM connec OFO (AlO)

1000
0001
M connect= 0100 (A11)

0010

39 0
Jradiometer= ( radgmeter\](z) > (A12)
radiomete
flg(w) 0 0 0
J _ 0 f14(w) 0 0
bandpass™ 0 0 fa(w) O
0 0 0 f24(w)

(A13)

The detector outputs in counts §, C14, Co3, C24) are the diagonal elements B = <EoutEgm>, multiplied by the responsivities
(S13,S14, 23, S24)- JoFo IS @ 4x4 matrix With]éFO (Equation A2) filling the upper left 2x2 entries ad@Fo filling the lower right
2Xx2 entries.

Pout = JpaPind s (A14)
PA 0
Pz (3 ) (A15)
TX+QX UX-ivX
Pi>r(1=<ux+i8x TX - QX ) (A16)

In this expression, Stokd3, U, andV refer to the quantities measured in the radiometer referénaecne; we drop the “Rad”
notation used in 83 for notational convenience. Before ttputs are recorded they are demodulated in phase with #seph
switch. We model this process as

Gij —>%[Cij(¢i)—0ij(¢i+7r—5i)] (A17)

whereg; is the phase difference between the two radiometer legsjasthe error between the two switch states.
Since the input radiation is incoherent,

l:)outz/dw apom- (A18)
Ow

SinceJpandpasdS the only frequency dependent component in the model, vike rinee substitutiorfﬁ(w) — fﬁ where

f = / dw f5(w). (A19)
The calibrated detector outputs ate= c;;/Gij, whereG;; is a gain for the temperature difference,
1 .
Gij= > LigisGia 55 cos@i/2) cosei = 6i/2)(1-€ij). (A20)

Hereej is the calibration uncertainty.
The radiometer signal channels @@ = (diz—dis)/2, from which are formed the temperature and polarizatignaichannels
AT, ATp. Then to first order in the systematic uncertainties,

AT =20xm Q +€ Q"+ (1+¢*) T +2xm T*+Z2U”-ZBUB (A21)

ATp=2%mQ + (1+€") Q" +€ T~ +20xm TT+ZPUA+ZPU® (A22)
HereT= = TA+ T8, {QF,U*,L%,} are similarly definedz’® = X{*® costr{*®) + X, "B costy;*®) encodes the influence of the
crosspol effects, and™ = ((e13+¢€14) = (€23+€24)) /4. The dominani\Tp component i€, notQ™, becaus&®” — -Qf, Q% — -Q*

when the spacecraft rotates 280n the limit of no loss imbalance or calibration error, anighifar cross polarization for all
componentsATe = Q" +2X cos{Y)U™.
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B. ESTIMATION OF THE POLARIZATION POWER SPECTRA

The WMAP polarization power spectralat 32 incorporate an extension of the MASTER quadratic estm@tivon et al.
2002), which is used to account for mode coupling. The oalgimethod assumes that observations of every point on theigky
statistically independent noise. However, WMAP has a §icanit component of the noise that is correlated betweertipgs
due to its scan pattern and th¢flnoise, and thus the method needs to be modified as describedoh@ccommodate a full
covariance matrix. The most conspicuous mathematicalifeatf the original method is Wigner Bsymbols, whereas in the
extended method, these objects are not used. For moresdatéile original method, as well as the application to pakion,
see Appendix A of Kogut et al. (2003), together with the referes therein.

B.1. Extended MASTER Algorithm for Temperature Power Spectrum

The original method is derived by modeling the sky brightresa continuous function of pointing. For example, the nfese
cut-sky spherical harmonic coefficients for Stokedenoted a3, are defined as follows:

Tim= / dn w(r) TR (). (81)

Here,n is the unit vector of the pointingy(n) is the weighting functionT (A) is the sky brightness, and,(n) is a spherical
harmonic basis function. Expandiffidn) andw(n) in spherical harmonics gives a series. Each term of thesarcludes an
integral of a product of three spherical harmonic basistions:

Tin= 30 3 W Toar [ 60 Yoo (0o (DY),

1'my 177y’

These distinctive integrals are what give rise to thiesyimbols. The orthogonality relations ofj3ymbols eliminate many terms
in the expression for the observed power spectrum.
When there is noise covariance, the weight is a function of pwintings rather than just one, and thg 8ymbols are not

used. This case is most easily treated by modeling the skysas af discrete pixels. The goal of the derivation is to form a

mode-coupling matri)k\/lﬂ(,Y’lel, whereXY andX’Y’ are each chosen from the nine correlati®is TE, TB, ET, EE, EB, BT,

BE, andBB. In order to introduce the formalism, we first discussThecorrelation, which is the simplest. Because there is no
coupling betwee T and the other eight correlations, o |,T’TT needs to be considered. We note here that we do not actually
use this formalism fol T but only for the others, as the temperature power spectrlowalt is dominated by the signal and the
noise correlation is not important. We us& here to illustrate the main point of the method. The extengicthe polarization
power spectra that followE T (§ B.2) is what we use for the actual analysis.

The weighting is computed initially as the inverse of theartance matrix of the pixels. The sky cut is expressed byngptt
the appropriate rows and columns to a very large number imaose covariance matrix before inverting it [Eq. (D7)]. Walc
the resulting weight matriw/. Further, letvi,, , be a matrix containing (appropriately normalized) valuks spherical harmonic
basis function evaluated at each pixelindexIm. The number of rows ofim  is np, which is the number of pixels in each sky
map. The observed Stokesky map isTp.

In this notation, the observed spherical harmonic coefitsiare expressed as

T—lm = ZYI;\,pWPP’TP"
pp’

If the matrixW is diagonal, this expression is simply the discrete versidig. B1 above. Expandinfy in spherical harmonics
gives

T-Im = Z ZYljrﬁn,prp’Y/m/,p/ Tirny.

' | ppf
This expression suggests the utility of defining
Zimirme = Y i Wop Yirm (B2)
pp
so that
Tin= 3" Zimp T

1"'m’

The value of the observed power spectrurhiatexpressed as follows:

@+1)C =) TinTim

:Z Z Z(Zlm,l”m”-l-l”m”)*zlm,l’m’-l-l’m’- (53)

m 1y
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In order to get the true, underlying CMB power spectrum ih®&quation, the next step is to take the expectation of Eg. B3

(@+1)Ch=) ZZam.um,zml oy (T T )

1y |y
_ZZ: :Z|ml”m”zlml’m/< > |/|//5m/m//
1y’ 1y

=Z (Zzltn,l’m’zlm,l’m’> <O|’> (B4)
mm

|/

Therefore, we obtain the unbiased estimator of the undtglpbwer spectrum as
G= Z ™), Cr, (B5)

where 1
=_ E - 2
M||/ T+l |Z|m_’| m | . (BG)

In order to apply this method to cross-correlations betwi2As, one of theZ matrices in Eq. B6 is computed from the noise
matrix of the first DA, and the other from that of the second DA.

B.2. Extended MASTER Algorithm for Polarization Power Spectra

The same formalism accommodates polarization. In whabvia] uppercas& or Y indicates one of the three harmonic
transformsT, E, or B, and lowercasa or b denotes the Stokes parameter ldh€), orU. The following substitutions are made
in the above derivation:

Wop —Wap@ p) (B7)
Yim,p — T (xIm)ap) (B8)
where the non-zero elementsbfare

Trimap) = Yimp (B9)

1
T(EIm)(Qp) =_§ (+2Ylm,p+—2YIm,p) (BlO)

i
T(BIm)(Qp) :_é (+2Ylm,p_—2YIm,p) (Bll)
TEmup =~Temop (B12)
Temup =T EmQp (B13)

+2Yim,p are spin-2 spherical harmonics in the same matrix forMags.
For each pair of DAs, @ matrix is computed by analogy with Eq. B2. The derivationdai the general steps above. The
analog of Eq. B5 is

CINXYXY oy
CY=3 (M), (B14)
X771
where
XY XY _ XX VY
MII’ 2|+1ZZImI’m’ Im,1’nv >
where
X
Ly = Z T ximyapWap@ p) L ox17mya p) (B15)
apa’p/

For each DA pair, the 81 coupling submatrieé®'*"’

coupling among the nine correlation types.

are combined in a grand coupling matrix that takes into actallithe

B.3. Analytical Approximation

The expressions for the coupling matrices greatly simplifienW,y is diagonal in pixel spac&ppy = dpy Nobsp. This limit is
a good approximation to the WMAP data at highwvhere noise is approximately uncorrelated (diagonalxel@pace). In this
limit, one can evaluate the coupling matrices analytically

It is convenient to write th&l,ns matrix as

U U
N()Qb(gp NSbsp ObSP +QNobs,p NoQbSP , (B16)
obsp

uQ uu
Nobsp Nobsp Nobsp Nobsp Noy
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where
QQ uu
+ _ Nobsp Nobs.p
obsp = 2 ’
QQ uu
N> _ Nobs.p Nobs.p
obsp = 2

One can show that under a rotation of basis by an ahgleese quantities transform as

+ +
obsp Nobsp’
- U TN Q
Nobsp + INObSp — € (Nobsp INObSp)

Therefore, we expand them into spin harmonics as follows:

+ - +
Nobsp - Z nImY|fTva
Im

- . U _
Nopsp £ INg)sp = Z F4NimE4Yim,p-

Im
We obtain
Iml’m’ - leml’m’ {nJI:M [1+(_)L+l+ll} ((I'_lellz)
+ [+4nuv| +(‘)L+I+Il—4n|_vv|] <_L4 |2|é> } )
Iml’m’ - 2 Z llml’m’ {nJI:M [1+(_)L+l+ll} (8 lzllz)
o] (455))
ImI’m’ - leml’m’ {nLM [1 ( )L+I+I } ((Ialzllz)
_ [+4nLM _(_)L+l+ll—4nLM} <_4 |2|é> } 7
where
m /(L+1)(2A+1)(2'+1) [
ml’m’_() - (M mm)-

Using the identity

o ow _ (@+1)(@27+1)
Z Lty i = T5LL’5MM’7

it is straightforward to evaluate all the relevant couplmagtrices analytically:

MEE EE _
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EE,BB _
|\/|“, 2|+1Z| ml’m/

2/ +1 AL
nEM [1_(_)L+I+I :| <02_2>
M

16m

L+HH’ L ’
= = ] ( 555) ] (B30)
eBes_ 1 ZEEx
M”, _2|+1 Iml’m’z|ml’m’
m
2'+1 { + L+ -+’ (LI I/) ’
= 1+(-)
M -
16r - [ } 02-2
2
' L1
= [aneu+ (" _ancu| (_422) } (B31)

C. POLARIZATION FISHER AND COVARIANCE MATRIX

In this Appendix, we derive expressions for the Fisher andidance matrices of the temperature and polarization pspec-
tra. Our derivation extends the derivation of the TT magigven in Hinshaw et al. (2003b) to all combinations of piakation
power spectra.

Note that we daot use these results for evaluating the likelihood that is ursélte cosmological analysis. At low multipoles,
| <23, we evaluate the likelihood of polarization data dingfitbm the maps using the exact method described in Appendix D
Why do we not use the Fisher or covariance matrix for the cdsgial analysis, except for TT and TE spectrd at 23? The
reason is because the form of the likelihood function forgbeer spectra is not a Gaussian at low multipoles, and tber¢fie
Fisher or covariance matrix, which only characterize treord-order moment of the power spectrum, is not sufficieffitliy
specify the likelihood function. This was pointed out aftes first year release by Efstathiou (2004) and Slosar e2@04) and
is discussed in Hinshaw et al. (2006). As we do not know theipedorm of the likelihood for the power spectra, we evaduhe
likelihood of the temperature and polarization maps diyeathich is a Gaussian, at low multipolds< 23. For high multipoles,
| > 23, the likelihood function may be approximated as a Gansaml therefore we use a Gaussian likelihood with the Fisher
or covariance matrices. While we do not use the EE or BB popectsa al > 23, as they contain very little signal compared
to noise, we do use the covariance matrix of the TE power ggecat! > 23 in the likelihood code, for which we adopt the
analyticalansatzgiven in Equation C12, which was also used in the first-yealtyais of the TE power spectrum (Kogut et al.
2003). For the evaluation of the TT likelihood, see Hinshaal e(2006).

C.1. Fisher Matrix: Exact formula
The Fisher matrixky-, is given by
e 0Cqy - 0Cq
XY, XY
Fiv Z(C Yaa 83;3(2 ¢ l)qzq3ﬁ ’ (C1)
where the covariance mati@y consists of the covariance matrices of all the bilinear comiiions ofT, Q, andU:
TT TQ TU
B
qu/ = C CB C pp’
CU Q CUU

and the covariance includes the signal and n@ige,= Sy + qu/. HereSXY is the angular (cross) power spectrum of the signal
whereX andY denoteT, E, or B. The inverse covariance matrix in harmonic space is theangy the harmonic transform of

(C_l)qq’ :

(C2)

3

_|

(C—l)l)é{l/m/ = Z T(le)(ap)(C_l)apﬁa’p’T(Y*I’m’)(a’p’), (C3)

apa’p’

whereTY is given by the equations following (B8).
Using these quantities, each term of the Fisher matrix (Edj])[evaluates to

FIIX’X = 1. Z [(C_l)lm I’m’] ’ (C4)
mm

R = Z (CH €] (C5)

Y= ;Z [CH ] (C6)

mn
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SRR Z [(C ] +Z CS o C N ] (C7)

whereX ZY. In general cases whefy or Ngy (or both) are non-diagonal, one must calcul&e'fyy by directly inverting

the covariance matrix given by equation (C2). In realitywbwger, the matrix inversion require% operations and thus it become
computationally too expensive to evaluate for the full WMARolution. On the other hand, if one considers only largdesc
anisotropies at low, then the matrix inversion can be done in a reasonable catipoal time. We use Eq. (C4)—(C7) for
computing the Fisher matrices f6f T, CTE, CT B, CEE, CEB, andCP®, at low multipoles) < 32.

C.2. Fisher Matrix: Analytical Approximation

The expressions for the Fisher matrices can be evaluatéytianlly whenCqyy is diagonal in pixel space. This limit is a good
approximation to thé/MAP data at high, whereCyy is dominated by noise and noise is approximately uncogél@tiagonal
in pixel space). In this limit, one obtains the following &rtecal formulae:
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2
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o 32 {1_(_)“ I} (0 2—2)

- [4nuv| ‘(‘)L+|+I/—4n|_vv|] (_L4 Izlé) 2
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2
4 LIl
- [4nuv1“‘(—)l'I I—4nLM} (_42 2)

C.3. Covariance Matrix: Ansatz

The inverse of the Fisher matrix gives the covariance maltixWhile we use the map-based exact likelihood described in
Appendix D for the cosmological analysis, it is still usefolhave an approximate method to evaluate the likelihoot®tiata
given theory and noise model from the power spectra. Foptlnipose, we use the followiranpsatz

: (C9)

: (C10)

} | (1)

2
ST+nll,) (S nsfm) ()

SJETE= (
@+ D) [(1E 0]

(C12)
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FiG. C28.— The correlation coefficients of the Fisher matridése diamonds are derived from 100,000 Monte Carlo simulatiavhile the solid lines are the
analytical formulae in the noise-dominated regime. In ihautations, theB-mode is noise only while thE-mode has some signals at lbrom reionization.

TT TT B BB
(sz +neff£) (S? +neff£)

¥, BTB= . (C13)
(20+D)[138411(0)]
2
E EE
sEEEE 2(55 "‘neffe) 2 (C14)
(20+2) [ 155((0)
2
2 (pB+nge
58888 (f ef”) . (C15)
(20+1) | 18810
eoes (SEHTER) (S°+EP:) c16)

(20+1) [fsEkgeH(E)} ’

In these expression®, denotes the effective noise as a functior/aind fsiy et denotes the effective fraction of the sky
observed. These are obtained from comparingatigatzto the inverse of the Fisher matrices derived in the prevemgsions.
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We have found th ~ /13 fay to a very good approximation. See also Kogut et al. (2003feevaluation ot} = "Fand

Hinshaw et al. (2006) for the evaluationBf T ™.

D. EXACT LIKELIHOOD EVALUATION AT LOW MULTIPOLES

At low multipoles,| < 23, we evaluate the likelihood of the data for a given thecaétmodel exactly from the temperature
and polarization maps. The standard likelihood is given by

exp[-3m(S+N)*m|  dm
|S+ N|1/2 (Zw)snp/z’

L(m|S)dm= (D1)

wherem is the data vector containing the temperature niams well as the polarization marf§, andU, Ny is the number of
pixels of each map, an8andN are the signal and noise covariance matrify(3 3np), respectively. As the temperature data
are completely dominated by the signal at such low multipaleise in temperature may be ignored. This simplifies tha faf
likelihood as

exp[—%rﬁt(SﬁNp)"lrﬂ di exp(—%fts;lf) dF

L(mSdm= _ D2
(M |Sp +Np|1/2 (2m)™ |Sr|/2 2m)w/2’ (D2)
whereSr is the temperature signal matrimy(x n,), the new polarization data vecton,= (Qp, Up), is given by
STE
QP = Qp 2 Z STT Z Tlm(+2YIm p —2Y|m p) (D3)
i TE
E P 2 Z STT Z Tlm(+2YIm p —2Y|m p) (D4)

and$ is the signal matrix for the new polarization vector with Hize of hy x 2np. As Ty is totally signal dominated, the noise

matrix for (Q, U) equals that for@, U), n,. To estimateli,, we used the full-sky internal linear combination (ILC) teenature
map (Hinshaw et al. 2006).

One can show that equation (D1) and (D2) are mathematicgliyalent when the temperature noise is ignored. The new
form, equation (D2), allows us to factorize the likelihoddtemperature and polarization, with the information initreoss-
correlation S'E, fully retained. We further rewrite the polarization paftiee likelihood as

s exp[—%(Nglr‘?ﬂ)t(NF?lS:NEl"‘Nﬁl)_l(Nﬁlf?ﬂ)} INGL|dr DS
(9= NG SN +N5*1/2 (2m)% .

This form is operationally more useful, as it contains oNjg*. Hinshaw et al. (2006) describes the method to evaluate the
temperature part of the likelihood.
The effect ofPO6mask is included iMNs*. Suppose that the structure$? is given by

v=(58): (06)

whereA is the noise matrix for unmasked pixel3js for masked pixels, and is for their correlations. We assign infinite noise
to the masked pixels such thds — Np + \(1 —M), whereM is the diagonal matrix whose elements are zero for maskeslspix
and unity otherwise. In the limit of — oo, the inverse ofNp is given by

_ A-B'DB 0
NP1—>< 0 0>. (D7)

We have checked that this form dE? yields the unbiased estimates of the signal matrix from kited realizations of the
WMAP data. When the masked pixels were simply ignored @B = 0), on the other hand, the estimated signal matrix was
found to be biased high. As the likelihood form is sensitiveite precise form oRz2, it is important to treat the mask in this
way so that the estimated signal matrix from the data is welia

We mask the polarization maps as follows. We first mask thesnaaphe full resolutionngjge = 512, and then degrade the
masked maps using the weight that is diagonal in pixel smt;%p to a lower resolutiomsige = 16. (Note that while the weight
is diagonal in pixel space, it contains noise covariance/éenQ, andU,. The spurious polarization terr8, is ignored in this
process.) The degraded mask is redefined such that it takesvben the lower resolution pixel contains more than halhef t
original full resolution pixels, and 0 otherwise. We degrakdese maps further to the resolutiomgfie = 8 using the full noise
matrix, and also degrade the mask and the noise matrix. (dise matrix has been masked using Eq [D7].) We use the negulti
maps and noise matrix in the likelihood function given in &ipn (D5).
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E. AN ESTIMATE OF Qcw

Tensor perturbations generated by inflation are stochiastiature, so the gravity wave perturbation can be expandpthine
waves

d3k i i
hij (7, X) :/W h.(n, k)€€ Ik'x+hx(777k)€iTe Ik'x} ) (E1)

wheree} is the polarization tensor, ared= +, x are the two polarizations in the transverse tracelessgtpg (in whichhj; ; =
hi =0; We also sefg = hoj = 0). The stress-energy tensor for gravity waves is defined as

1
= — af
T;LV 32:G <haﬁ,uh ,u>7 (EZ)
and in the tt gauge, we have
- 2R
Too 327TG<hIJh ). (E3)
Thus,
- d3k a3k
Rl = (k=k").x
Nit)= ) e | et
[k, K) e+ (K (. K e (E4)
The variance of the perturbations in théields can be written as
(ha(n, K)ha(n,K")) = (|ha(n, k) [?)(2m)%5%(k — k'), (ES)
and since:3 ¢ = 2, we obtain
o d3k ) .
iyt = [ 53s2 (Bt ) + (a0 )] (E6)
Writing
ha(n,k) =ha(0,k)T (1, k), (E7)

whereT is the transfer function, we have

i 4rk?dk :
(hijh) = W2[<|h+(0,k)|2>+<|hX(O,k)|2>]Tz(n,k)
dk 2k3 .
K 22 [0 + (I (0K )] T2, K). (E®)
From the definition of the primordial tensor power spectrum,
2k3
Az(k)——[<|h+(o K)I) + (I« (0.K)[%)] (E9)
we obtain
ufil) = [ ka0, (E10)
Now q
— - PGW
Too=pow = [ dinkge, (E11)
thus we have )
dpew _ AFKT?(1,K)
dink 327G (E12)
Remembering thd® = p x (87G/3H?), we obtain
d%ew _ A 2(K)T2(n, k)
dink ~ 12H2 (E13)
Therefore,
ARKT?(n,k)
Qow = /dl nk———"——— 1z (E14)

The transfer functio and its time derivativd can be calculated easily by numerically integrating thduian equation for
the polarization states, which, neglecting the neutriris@ropic stress, is given by

h?+2 ( ) h. +k?h, =0 (E15)
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where prime denotes derivatives with respect to conforimed 4, related to the time derivative ki) = dt/a(n). This expression
may be numerically integrated. In the following, howevee, @erive an analytic estimate relating a given limit on theste-to-
scalar ratior, and the measured amplitude of the primordial scalar popestsum A, to a limit on the current energy density in
primordial gravitational radiation.

There are several approaches taken in the literature toedanalytic expressions for the tensor transfer functibnugh
these results are obtained in almost all cases for a univers&ining only matter and radiation. These include usit)gaf
instantaneous transition from radiation to matter doniime{Abbott & Harari 1986; Ng & Speliotopoulos 1995; Grishlug001;
Pritchard & Kamionkowski 2005, e.g.,) (2) a “transfer fupot' to account for the smooth transition from radiation doation
to matter domination (Turner et al. 1993; Wang 1996; Turré971 e.g., ), and (3) WKB methods (Ng & Speliotopoulos 1995;
Pritchard & Kamionkowski 2005, e.g., ). In the following detion, we will apply the sudden transition approximationa
ACDM universe (Zhang et al. 2005, see also), which is a goodoxppation for gravitational waves with wavelengths much
longer than the time taken for the transition to happen.

In a universe which undergoes a set of piecewise instantsrteansitions in the scale-factor, givenddy)) « ™, the solution
to eq. E15 is given by

h(n,K) = (kn)"™ [C ju(kn) + Dy, (kn)] , (E16)

wherej, andy, are spherical Bessel functions of ordeof the first and second kinds, respectively. Here,—1 for radiation-
domination (RDy) < neq), ¥ = =2 for matter-domination (MDyeq < 1 < ne), @andv = +1 for A-domination (LD,n > ne).
neq. IS the conformal time at radiation-matter equality, withcale-factor corresponding .y = (r /Qm), andneq is the
conformal time at mattef equality, with a scale-factor correspondingagy = (Qm/Q)Y3. For a concordance cosmology
with {Qr,m, Qa,h} = {4.18x 10°/h?, 0.3, 0.7, 0.72}, e = 103 Mpct and e = 12270 Mpc* (115 and 12030 Mpé
respectively in the instantaneous approximation).

To obtain the coefficients andD, we requireh andh’ to be continuous at each of the transitiong, andnep. Thus, denoting
x = kno and making use of special properties of spherical Bessetifurs, we obtain the transfer function and its derivative a
present:

T(¥)=x*[C j1(®) +Dy1(¥)], (E17)
T(kX) =k [C jo(¥) +D yo(¥)] - (E18)
The coefficients are given by
C= 2—)1(6 [2A%3 +3B(1+X3) +3c0S(Xp) (B+2A% —~Bx3) +3sin(2p) (2Bx +A(G - 1))] (E19)
2
D= 2—)1(6 [2Bx3 — 3A(1+X3) +3COS(Xp) (A= 2Bxo—Axg) +35sin(2p) (B+2A% - Bx) ] (E20)
2
A= 3X1 — X1 €0S(Zq) +25sin(2q) (E21)
2X1
—Oy2— -y Si
B= 2—2x{—2c0s(Xy) —x1Sin(2xy) ’ (E22)
2X1
wherex; = kneq andxz = Kijecp.
Further, we have the following definitions:
k (ko)
259 = 830) (1) €29)
Af (ko)
= E24
A2 (ko) (E24
where
A2 (ko) =~ 2.95 x 10°A(ko). (E25)

To eliminaten;, we use the inflationary single-field consistency relatigr, -r /8.
Combining these equations, and evaluating them at the qiresaformal timeny (with a = 1) for modes within our current
horizon, we are left with

1 [~ dk K\ /8 .
Qow = — / dK' A2 (1) (—) (ko) [C(K, e, ecg) oK) + Dk, e me@lyolkio)| . (E26)
12HO 27 /1o k ko

wherek andryg are to be evaluated in units of 1/Mpc akgl= 0.002 Mpc™. We can now change to the dimensionless variable
X = knp and obtain
2.95x 10°rA(kg) X/® [

-r/8 . 2
R | O [Clo) +Dyo)] (E27)

QGW ~
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wherexg = kong. We also have the result

Now

-r/8

?ﬁ% (k,m0) = 2.21x 10°3(rA) (%) [T (K, n0)] 2 (E28)
-r/8

~2.21x 103(rA) (%) {k€[C jo() +D yo(¥)] }*. (E29)

(E30)

! 1
Homo :/ )

andHono = 3.25 for the concordanc&CDM model. Taking the concordance model &ek 0.002 Mpc?, for given upper limits
onr andA, the upper limit oW is given by (Peiris 2003),

Qow < 2.33x 107 (r A)(27.05)/8[0.1278-0.0835 (log’) - 0.0671 (log')> - 0.0248 (log)°] , (E31)

where the logarithm is taken in base ten.



